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Appendix  1.  Abstracts 


INTRODUCTION 


Background:  Caveolin-1  (cav-1)  is  an  important  structural/regulatory  molecule  involved  in  many 
aspects  of  molecular  transport  and  cell  signaling.  Cav-1  activities  are  dependent  on  protein  level  and  cell 
context,  yet  an  understanding  of  the  biological  consequences  of  inappropriate  cav-1  expression  in 
malignant  cells  has  been  elusive.  We  have  shown  previously  that  cav-1  up-regulation  is  associated  with 
metastatic,  androgen-insensitive  prostate  cancer.  In  studies  funded  by  this  grant  we  identified  an 
underlying  mechanism  for  the  selection  of  cav-1  overexpression  in  prostate  cancer  cells  during 
progression.  We  found  that  cav-1  binds  to  and  inhibits  the  activities  of  PP1/PP2A  serine  /  threonine 
phosphatases,  preventing  inactivation  of  Akt  through  dephosphorylation  and  thus  sustaining  levels  of 
phospho-Akt  and  its  oncogenic  activities.  Recently  we  have  shown  that  cav-1  overexpression  leads  to 
increased  levels  of  c-myc  protein,  and  our  preliminary  data  and  the  results  of  published  studies  lead  us  to 
speculate  that  the  mechanisms  for  cav-1  mediated  c-myc  stabilization  also  involve  PP1/PP2A  inhibition 
and  phospho-Akt  stabilization.  We  have  also  shown  that  cav-1  overexpression  leads  to  up-regulation  and 
secretion  of  VEGF,  FGF2  and  TGF-pi,  indicating  that  cav-1  stimulated  molecular  pathways  can 
regulate  these  growth  factors  (GF)  /angiogenic  cytokines  (AC).  Importantly,  we  have  also  discovered 
that  cav-1  itself  is  specifically  secreted  by  prostate  cancer  cells  and  is  taken  up  by  prostate  cancer  cells 
and  endothelial  cells  (EC). 

Hypothesis:  These  results  suggest  that  cells  expressing  cav-1  can  function  as  “feeder  cells”  for  local  and 
potentially  distant  prostate  cancer  cells  and  tumor-associated  EC  through  secretion  of  cav-1  and  cav-1 
stimulated  GF/AC.  In  support  of  this  concept  we  have  shown  that  experimentally  induced  metastasis  is 
potentiated  in  host  transgenic  mice  that  overexpress  cav-1  in  and  secrete  cav-1  from  prostatic 
epithelium.  In  contrast  experimental  metastasis  is  suppressed  in  host  cav-1'  '  mice  compared  to  cav-l+/+ 
mice.  We  propose  that  prostate  cancer  cells  secrete  cav-1  which  induces  specific  changes  in  EC  that 
potentiate  angiogenesis  and  metastatic  activities. 

Specific  Aims:  Using  in  vitro  and  in  vivo  models  that  involve  novel  genetically  mutant  mice  we  propose 
to  resolve  the  molecular  and  cellular  pathways  that  support  these  oncogenic  activities  through  specific 
aims  to:  (1)  to  analyze  the  effects  of  cav-1  conditioned  media  on  cav- 1 /_  endothelial  cell  gene  expression 
and  biological  activity;  (2)  map  the  molecular  pathways  involved  in  EC  angiogenesis  stimulated  by  cav- 
1  protein  alone  or  together  with  specific  GF/AC;  and  (3)  to  correlate  the  effects  of  prostate  cancer  cell 
derived  cav-1  uptake  by  TAEC  with  tumor  growth  activities. 

Study  Design:  We  have  generated  and  characterized  mice  that  have  a  deletion  of  the  cav-1  gene.  These 
will  be  a  source  for  isolation  of  EC  that  will  be  treated  with  conditioned  media  derived  from  prostate 
cancer  cells  with  controlled  levels  of  cav-1  protein  (Aim  1)  or  with  purified  cav-1  protein  (Aim  2).  We 
will  determine  the  molecular  events  that  are  induced  by  cav-1  in  EC  by  analyzing  expression  of 
signaling  molecules  such  as  phosphorylated  Akt,  c-myc  and  relevant  GF/AC  (VEGF,  FGF-2,  and  TGF- 
pl)  at  the  transcription  level  by  quantitative  RT-PCR  and  at  the  protein  level  by  western  blotting. 
Additionally  we  will  evaluate  events  further  downstream  of  signaling  such  as  nitric  oxide  (NO) 
production.  Biological  activities  of  the  EC  in  response  to  cav-1  that  we  will  examine  will  include 
proliferation,  chemoattraction,  motility  and  vasculogenesis.  The  validation  of  these  activities  will  be 
accomplished  by  using  specific  molecular  inhibitors  of  the  signaling  molecules.  The  final  aim  of  the 
grant  will  focus  on  in  vivo  studies  using  a  novel  mouse  metastatic  prostate  cancer  cell  line  that 
overexpresses  cav-1  and  has  a  high  level  of  metastasis  to  lung  and  to  bone.  We  will  inject  this  cell  line 
orthotopically  (prostate)  into  cav-1 mice  and  then  analyze  TAEC  responses  locally  and  at  distant  sites 
of  metastasis  by  immunohistochemistry.  Treatment  of  the  mice  with  cav-1  specific  antibody  will  directly 
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test  the  effects  of  blocking  cav-1  uptake  in  vivo  on  the  growth  and  progression  of  experimental  prostate 
cancer  in  this  model. 


Relevance:  These  studies  could  lead  to  the  use  of  cav-1  positive  TAEC  as  a  potential  prognostic/ 
predictive  biomarker  for  prostate  cancer  in  man.  They  will  further  serve  to  test  the  therapeutic  potential 
of  cav-1  antibody  approaches  for  the  treatment  of  prostate  cancer. 

The  following  personnel  are  receiving  pay  from  the  research  effort  of  this  grant: 

Table  1.  Key  Personnel 


Principal  Investigator 

Timothy  C.  Thompson,  Ph.D. 

713-792-9955 

timthonTpfemdanderson.org 

Co-Investigator 

Likun  Li,  Ph.D. 

713-563-9001 

llifemdanderson.org 

Co-Investigator 

Salahaldin  Tahir,  Ph.D. 

713-563-9002 

stahirfemdanderson.org 

Co-Investigator 

Alexei  Goltsov,  Ph.D. 

713-563-9005 

agoltsovfemdanderson.org 
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Task  1.  To  analyze  the  effects  of  cav-1  conditioned  media  (CM)  on  cavl' 4  endothelial  cell  gene 
expression  and  biological  activity 


1.  Prepare  EC  from  aorta  of  40  cav-YA  and  20  cav-l+/+  mice  and  CM  from  cav-1  (500ml)  or 
pcDNA  (500ml)  transfected  LP-LNCaP  cells. 


2.  Perform  western  blotting  and  QRT-PCR  on  EC  lysates  treated  with  cav-1  CM. 

3.  Develop  biological  assays  for  the  EC  activity  (Motility/invasion,  migration,  tubule  formation, 
NO  and  PGI2  determination)  and  analyze  the  effect  of  soluble  cav-1  on  these  activities. 


We  isolated  EC  cells  from  wild  type  (WT)  Cavl+/+  and 
Cavl'  '  mice  and  demonstrated  that  cav-l+CM(from  cav- 
1  stimulated  LP-LNCap  cells)  or  recombinant  cav-1 
protein  promote  cell  motility/invasion  of  cav-1  _/'EC 
cells  (Fig.  1)  but  has  minimal  effects  on  cav-1 +/+  EC 
cells  (not  shown).  Similarly,  endothelial  tubule 
formation,  motility  and  NO  production  was  stimulated 
by  cav-1  CM  or  protein  in  Cavl'1' EC  (Fig.  IB  ). 
However,  mutagenesis  experiments  have  identified  the 
cav-1  scaffolding  domain  (CSD)  residues  82-101  as  the 
region  of  cav-1  responsible  for  mediating  the  interaction 
with  a  number  of  signaling  proteins  including  eNOS, 
platelet  activating  factor  (PDGF)  receptors,  epidermal 
growth  factor  (EGF),  the  kinases  Src  and  Fyn, 
heterotrimeric  G-protein  and  cholesterol  binding. 
Therefore  we  constructed  cav-1  plasmid  with  deleted 
CSD  termed  phAcav-l-V5-His,  and  prepared  CM  from 
phAcav-l-V5-His  transfected  LNCaP  cells.  The  use  of 
recombinant  protein  with  deleted  CSD  (rAcav-1)  as  well 
as  CM  was  important  to  investigate  the  role  of  CSD  in 
the  secretion,  uptake  and  angiogenic  activities  of  ECs. 


A 


Cavf EC  Cavl-/-  EC  0  pg  cav-1 


Cavl"7"  EC  0-5  ng  cav-1  Cavl"7"  EC  1 .5  p,g  cav-1 


Fig.  1  -  Micrographs  of  Cavl+I+  or  Cavl '''  aortic  EC  tubule 
formation  on  growth  factor  reduced  matrigel  24h  after  addition 
of  recombinant  V5Hiscav-l  protein  at  indicated  concentration 
(pg/ml).  B.  Relative  tubule  length  with  Cavl'1'  EC  at  0  cav-1 
protein  set  at  100%.  C.  Migration  of  Cavl'1'  EC  in  response  to 
protein.  D.  NO  production  determined  by  colorimetric  assay. 


To  test  the  effect  of  CSD  on  VEGF-stimulated  angiogenesis 
signaling,  we  treated  HUVECs  with  CSD  peptide  in  serum 
free  medium  followed  by  treatment  with  VEGF.  CSD 
treatment  of  HUVECs  significantly  reduced  VEGF- 
stimulated  phosphorylation  of  VEGFR2  (Y951),  PLCyl 
(Y783)  and  Akt  (S473  &T308)  as  compared  to  those  treated 
with  control  sCSD.  Modest  reductions  in  basal 
phosphorylation  levels  of  Akt  were  observed  in  CSD-treated 
compared  to  sCSD-treated  HUVECs  (Fig.  2 ).  These  data 
demonstrate  that  CSD  inhibits  VEGF-stimulated 
angiogenesis  signaling  through  inhibition  of  endogenous  cav- 
1  function.  We  found  that  VEGF  treatment  of  HUVECs 
increased  the  tubule  length  and  cell  migration  in  NC 
transfected  cells  compared  to  their  untreated  counterparts,  but 
this  stimulatory  effect  of  VEGF  was  significantly  impaired 
when  cav-1  was  down-regulated  (Fig.  3 A,  B,  C,  D). 
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We  further  found  that  CSD  treatment  of 
unstimulated  and  VEGF-stimulated  HUVECs 
reduced  the  tubule  length  in  NC-transfected  cells 
(P  <  0.05,  and  P  <  0.01,  respectively;  Fig.  3B), 
but  not  in  cav-1  siRNA  transfected  cells  (Fig. 

3B)  compared  to  treatment  with  sCSD. 

Additionally,  CSD  treatment  of  unstimulated 
and  VEGF-stimulated  HUVECs  significantly 
reduced  cell  migration  in  NC-transfected  cells  (P 
<  0.05,  and  P  <  0.01,  respectively;  Fig.  3D),  and 
in  cav-1  siRNA  transfected  cells  (P  <  0.05,  and 
P  <  0.05,  respectively;  Fig.  3D )  compared  to 
treatment  with  sCSD.  These  results  show  that 
down-regulation  of  cav-1  through  cav-1  siRNA 
or  CSD  treatment  alone  led  to  significant 
reductions  of  angiogenic  activities  in  HUVECs,  and  that  combining  the  two  treatments  yields  additive  or 
synergistic  effects.  These  data  present  a  novel  mechanism  for  potential  therapeutic  use  of  CSD  to 
suppress  angiogenic  signaling  in  prostate  cancer. 

To  investigate  the  role  of 
cav-1  in  VEGF-stimulated 
angiogenic  activities  in 
ECs,  we  introduced  cav-1 
into  cav-1'1'  ECs  either  by 
Adcav-1  infection  to  the 
MOI  200,  or  by  rcav-1 
treatment,  followed  by 
analysis  of  the 

phosphorylation  status  of 
VEGF/VEGFR2  signaling 
pathway  associated 

proteins.  We  found  that 
introduction  of  cav-1  into 
cav-1'1'  ECs,  followed  by 
treatment  with  VEGF 
increased  phosphorylation 
of  VEGFR2  (Y951), 

(Y783),  Akt  (S473)  and 
Akt  (T308),  and  a  further  increase  in  the  phosphorylation  status  of  these  proteins  as  well  as  PLCyl 
(Y783)  was  observed  after  VEGF  treatment  (Fig.  4  &  5  ).  These  results  indicate  that  in  the  absence  of 
cav-1,  VEGF  stimulation  of  VEGFR2  autophosphorylation  and  its  downstream  effects  is  minimal,  and 
that  cav-1  is  required  for  optimal  VEGF-stimulated  signaling. 

Thus,  we  have  completed  the  analysis  of  the  effects  of  cav-1  conditioned  media  (CM)  on  cav-1'1' 
endothelial  cell  gene  expression  and  biological  activities  as  proposed  in  the  Task  1  and  the  results  from 
our  experiments  were  incorporated  into  publications  listed  in  the  reference  section. 


AdRSV 


Adcav-1 


mVEGF  0  5  15  0  5  15  min 

P-VEGFR2  (Y951) 

P-VEGFR2/  VEGFR2  1  0.9  1.3  1.6  1.3  1.3 

P-PLCyl  (Y783) 

P-PLCyl /PLCyl  1  0.8  0.9  1.0  1.3  1.3 

PLCyl 

P-Akt  (T308)  Akt  1.0  1.0  1.2  1.2  1.5  1.5 

P-Akt  (S473) 

P-Akt  (S473)/ Akt  1.0  1.1  1.5  1.7  1.5  1.5 

Akt 


Fig.  4  -  Adcav-1  stimulated  the  VEGF/VEGFR2 
induced  angiogenesis  signaling  pathway  cav-1'1 ' 
ECs. 
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Task  2.  Map  the  molecular  pathways  involved  in  EC  angiogenesis  stimulated  by  cav-1  protein  alone 
or  together  with  specific  GF/AC. 

1.  Preparation/purchase  of  reagents,  including  recombinant  cav-1,  VEGF,  FGF-2,  TGF-pi,  siRNA 
for  VEGFR2,  PI3-K,  Akt,  ERK1/2  and  eNOS,  chemical  inhibitors  for  VEGFR2,  PI3-K,  ERK1/2 
and  eNOS. 

2.  Optimize  conditions  for  siRNA  transfection  and  for  chemical  inhibitions. 

3.  Analysis  of  gene  knock  down,  including  QRT-PCR  analysis  for  mRNA  and  western  analysis  for 
protein.  Analysis  range  covers  target  genes  and  their  downstream  components. 


We  investigated  cav-1  regulation  of  basal  and  VEGF- 
stimulated  VEGFR2-mediated  angiogenic  signaling  in 
PC-3  cells  and  human  ECs.  We  found  that  cav-1 
knockdown  in  PC-3  and  HUVECs  impaired  the  VEGF- 
stimulated  angiogenesis  signaling  as  shown  in  reduced 
phosphorylation  of  VEGFR2  (Y951),  PLCyl  (Y783)  and 
Akt  (S473  &  T308)  at  two  time  points  (5  and  15  min)  as 
compared  with  that  of  the  NC.  Interestingly,  rcav-1 
treatment  of  these  cells  restored  the  basal 
phosphorylation  status  of  these  signaling  molecules  and 
partially  restored  the  response  to  YEGF  stimulation,  i.e., 
P-VEGFR2,  PLCyl  and  P-Akt  (Fig.  6  &  7).  These  results 
demonstrate  that  cav-1  is  an  important  regulator  of  basal 
and  VEGF- stimulated  angiogenesis  signaling  in  prostate 
cancer  cells  and  HUVECs.  Importantly,  rcav-1  restored 
VEGF  stimulated  angiogenic  signaling  in  cav-1  siRNA 
treated  HUVECs,  further  demonstrating  a  potential  role 
for  secreted  cav-1  in  vivo. 


hVEGF 
P-VEGFR2  (Y951) 
P-VEGFR2/VEGFR2 
VEGFR2 

P-PLCyl  (Y783) 
P-PLCyl/  P-PLCyl 
PLCyl 

P-Akt  (T308) 
P-Akt  (T308)  /Akt 
P-Akt  (S473) 
P-Akt  (S473)/Akt 


NC  Cav-1  siRNA 

0  5  15  0  5  15  min 

1.0  1.5  1.0  1.0  0.6  0.5 


1.0  1.9  2.0  1.0  1.1  1.0 


1.0  0.8  0.7  0.5  0.5  0.4 


1.0  1.3  1.2  1.0  1.1  1.1 


P-Actin 


P-Cav-1  (Y14) 
P-Cav-1/Cav-1 
Cav-1 


1.0  2.4  2.6  1.3 


2.2  2.5 


Fig.  6  -  Down-regulation  of  cav-1  in  PC-3  cells  by  cav-1 
siRNA  impaired  the  VEGF/VEGFR2  angiogenesis  signaling 
pathway. 


8  of  17 


Since  overexpression  of  specific  cancer- 
promoting  GFs  occurs  in  parallel  with 
cav-1  overexpression  in  many  types  of 
malignancies,  including  prostate  cancer, 
we  sought  to  determine  whether  there  was 
any  potential  correlation  between  cav-1 
and  these  GFs.  As  shown  in  Figure  8, 
overexpression  of  cav-1  in  cav-1- 
negative,  low-passage  LNCaP  prostate 
cancer  cells  using  adenoviral  vector- 
mediated  gene  transduction  led  to 
significantly  increased  levels  of  VEGF, 

TGF-pl,  and  FGF2  mRNA  (data  not 
shown)  and  protein  (Fig.  8A).  In  contrast, 
when  endogenous  cav-1  in  high-cav-1 
PC-3  and  DU145  prostate  cancer  cell  lines 
was  knocked  down  by  cav-1  siRNA,  FGF2,  TGF-pi,  and  VEGF  mRNA  (data  not  shown)  and  protein 
levels  (Fig.  8B)  were  remarkably  reduced.  In  addition  to  its  stimulatory  effect  on  the  cellular  levels  of 
VEGF,  TGF-pi,  and  FGF2,  cav-1  promoted  the  secretion  of  these  GFs  into  the  medium  (Fig.  8C), 
indicating  that  cav-1  and  these  cav-1 -stimulated  GFs  can  generate  a  positive  autocrine  loop. 

To  confirm  the  relationship  between  cav-1  and  the  expression  of  these  cancer-promoting  GFs  in  vivo,  we 
used  an  LNCaP  tet-on  stable  clone  (LNTB25cav)  to  establish  LNTB25cav  subcutaneous  xenografts. 
Immunochemical  analysis  of  tumor  tissues  from  the  doxycycline  +  sucrose-  and  sucrose  only-treated 
mice  showed  that  the  induction  of  cav-1  in  the  LNTB25cav  xenografts  resulted  in  increased  expression 
of  VEGF  and  TGF-pl  (Fig.  8D).  Thus,  our  in  vivo  data  validated  our  in  vitro  results  that  show  increased 
VEGF  and  TGF-pl  levels  in  cav- 1-overexpressing  cancer  cells.  We  did  not  include  FGF2 
immunochemical  analysis  of  tumor  tissues  owing  to  low  FGF2  protein  level  in  the  LNTB25cav  tumors. 

We  reported  previously  that  overexpression  of  cav-1  in  cav- 1-negative  LNCaP  cells  through  adenoviral 
vector-mediated  gene  transduction  led  to  significantly  increased  levels  of  phosphorylated  Akt,  which  in 
turn  led  to  enhanced  cancer  cell  survival.  We  wondered  whether  cav-1 -mediated  Akt  activities  are  also 
associated  with  the  expression  of  cancer-promoting  GFs  in  prostate  cancer  cells.  As  we  reported 
previously,  overexpression  of  cav-1  in  cav- 1-negative  LNCaP  cells  resulted  in  significantly  increased 
levels  of  phosphorylated  Akt,  whereas  the  phosphorylation  status  of  the  JNK,  p44/p42,  and  p38 
pathways  remained  relatively  unchanged.  In  contrast,  suppression  of  endogenous  cav-1  using  cav-1- 
specific  siRNA  in  the  high-cav-1  prostate  cancer  cell  lines  PC-3  and  DU  145  reduced  the  levels  of 
phosphorylated  Akt  whereas  the  activities  of  JNK,  p44/42,  and  p38  were  still  relatively  unchanged  (Fig. 
9A).  To  address  whether  Akt  is  involved  in  cav-1 -mediated  up-regulation  of  VEGF,  TGF-pi,  and 
FGF2,  we  suppressed  Akt  activities  in  LNCaP  cells  using  the  PI3-K  inhibitor  LY  3  h  after  the  cells  were 
transduced  with  cav- 1-expressing  adenoviral  vector.  The  results  demonstrated  that  the  treatment  with 
LY  effectively  inhibited  cav-1 -mediated  Akt  activation  and  largely  if  not  completely  eliminated  cav-1- 
mediated  up-regulation  of  VEGF,  TGF-pi,  and  FGF2  (Fig.  9B).  Note  that  LY  also  suppressed  activity 
of  endogenous  Akt,  leading  to  lower  levels  of  VEGF,  TGF-pi,  and  FGF2  (Fig.  9B  ,  compared 
AdRSV+LY  to  AdRSV). 

Further  studies  revealed  that  cav-1  enhances  cancer  cell  motility  in  an  Akt-dependent  manner  and  it  up- 
regulates  VEGF,  TGF-pi,  and  FGF2  through  Akt-mediated  maintenance  of  mRNA  stability.  Overall, 
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our  results  demonstrate  that  the  cav-1 -induced  PI3- 
K-Akt-mediated  increased  mRNA  stability  of 
YEGF,  TGF-(31,  and  FGF2  is  a  novel  and  important 
molecular  mechanism  by  which  cav-1  promotes 
cancer  progression.  Our  results  further  define  a  cav- 
1-GF  positive  regulatory  loop  that  could  sustain 
many  malignant  properties  in  prostate  cancer  cells 
(Fig.  10). 

Thus,  we  have  completed  mapping  the  molecular  pathways  involved  in  EC  angiogenesis  stimulated  by 
cav-1  protein  alone  or  together  with  specific  GF/AC  as  proposed  in  this  task.  The  results  from  our 
experiments  were  incorporated  into  publications  listed  in  the  reference  section. 

Task  3.  To  correlate  the  effects  of  prostate  cancer  cell  derived  cav-1  uptake  by  TAEC  with  tumor 
growth  activities. 

1.  Inject  178-2  BMAK  cells  into  dorsolateral  prostate  of  twenty  cav-T1'  mice  and  analyze  tumor 
weight  and  metastasis  at  2 1  day,  fixed  time  point.  Analyze  tissues  by  immunohistochemistry. 

2.  Inject  178-2  BMAK  cells  into  dorsolateral  prostate  of  thirty  nine  cav-T A  mice  then  treat  with 
HBSS,  rabbit  IgG,  or  rabbit  anti-cav-1  serum  (thirteen  per  group)  and  analyze  tumor  weight  and 
metastasis  at  2 1  day,  fixed  time  point.  Analyze  tissues  by  immunohistochemistry. 

3.  Inject  178-2  BMAK  cells  into  dorsolateral  prostate  of  thirty  cav-T1'  mice  then  treat  with  HBSS, 
rabbit  IgG,  or  rabbit  anti-cav-1  serum  (ten  per  group)  and  analyze  tumor  weight  and  metastasis  at 
survival  time  point.  Analyze  tissues  by  immunohistochemistry. 


As  we  explained  in  our  previous  report,  due  to 
minor  histocompatibility  problems  and  poor 
“take”  of  178-2  BMAK  cells  in  cavl'1' mice  we 
replaced  178-2  BMAK  cells  with  RM-9 
prostate  cancer  cells  that  were  originally 
isolated  from  C57/BF6  mice.  We  have 
previously  demonstrated  that  RM-9  cells 
secrete  cav-1  into  conditioned  media  in  vitro 
and  can  be  used  in  the  orthotopic  mouse 
prostate  cancer  model  in  vivo. 


RM-9  prostate  cancer  cells  were  injected 
directly  into  the  dorsolateral  prostate  of  male 
cav-l+/+  or  cav-T /_  mice.  In  this  model,  the 
mean  (1.85  ±  0.167g)  tumor  wet  weight  was  significantly  higher  in  cav-l+/+  versus  cav-1  mice  (P  = 
0.045;  Fig.  11  A).  Moreover,  immunohistochemical  analysis  of  tumor  sections  collected  from  sacrificed 
mice  showed  that  RM-9  tumors  had  significantly  higher  microvessel  densities  in  cav-l+/+  compared  with 
cav-1  A  hosts  [median,  21.5  (range,  15.6-36.1)  versus  13.3  (range,  8.2-22.8;  P  =  0.0078);  Fig.  11B  and 
C],  Interestingly,  >70%  of  the  CD31+  microvessels  in  the  cav-1  mouse  tumor  sections  were  positive 
for  cav-1  staining,  indicating  uptake  of  RM-9  cell-derived  cav-1  by  tumor-associated  endothelial  cells 
(Fig.  11D,  arrows). 
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Fig.  11  -  Secreted  cav-1  promotes  growth  and  angiogenesis  in  orthotopic  RM-' 
mouse  prostate  cancer  model. 


1  i 

cav-1  — ►  Akt— ►  GFs 


motility 

invasion 

angiogenesis 

survival 


Fig.  10  -  Diagram  summarizes  cav-l-GF  autoregulatory  loop. 
T  =  testosterone. 
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HBSS  IgG  cav-1  Ab 


Fig.  12  -  Anti-cav-1  antibody  treatment  significantly  reduces 
the  wet  weight  of  orthotopic  RM-9  tumors  grown  in  cav-1'7' 
mice  compared  to  control  IgG  or  HBSS  groups  (*  P  <  0.05). 


Fig.  13  -  Anti-cav-1  antibody  treatment  significantly 
reduces  the  number  of  RM-9  experimental  lung  metastases 
tumors  in  cav-T  'mice  compare  to  control  IgG  or  HBSS 
groups  (*  P  <  0.05). 


To  test  for  anti-metastatic  potential  and  the  therapeutic  effects  of  cav-1  Ab  in  cav-1 _/"  mice,  a  mouse 
model  of  metastatic  prostate  cancer  which  involves  simultaneous  inoculation  of  RM-9  prostate  cancer 
cells  (pre-established  metastasis  model)  via  orthotopic  prostate  and  tail  vein  was  used.  Wet  prostate 
tumor  weight  was  significantly  reduced  in  cav-i'7'  mice  that  received  cav-1  Ab  compared  to  the  mice 
treated  with  control  IgG  or  HBSS  only  (Fig.  12).  Treatment  with  cav-1  Ab  also  had  an  anti-metastatic 
effect  in  cav-1"  model  and  reduced  number  of  lung  metastasis  compared  to  the  control  treatment  groups 
(Fig.  13).  Interestingly,  in  the  same 
experimental  setting  the  adult  male  cav-i'7' 
mice  that  received  cav-1  Ab  survived 
significantly  longer  then  cav-i'/_  littermate 
treated  with  control  IgG  or  HBSS  only 
(Fig.  14).  Thus,  cav-1  Ab  can  significantly 
reduce  local  tumor  growth  as  well  as 
experimental  metastasis  most  likely  by 
reducing  systemic  cav-1  levels  secreted  by 
RM-9  prostate  tumor  cell.  It  is  possible  that 
high  metastatic  activity  of  cav-i'7'  mice  in 
HBSS  and  IgG  groups  are  partially  due  to 
cav-1  secreted  from  the  prostate  tumor  in 
Fig.  6.  The  data  supports  our  hypothesis  that 
prostate  cancer  cells  secrete  cav-1  which 
potentiates  angiogenesis  and  metastatic 
activities. 

Our  animal  model  is  a  good  example  of  the  effect  of  cav-1  AB  in  serum  cav-1  level  in  mice  bearing 
prostate  tumor  and  metastasis  as  it  neutralizes  the  cav-1 -GF  positive  regulatory  loop  described  in 
Fig.  10.  The  data  suggests  that  cav-1  Ab  can  potentially  be  a  novel  systemic  therapeutic  modality  for  the 
treatment  of  metastatic  prostate  cancer. 

Thus  we  have  correlated  the  effects  of  prostate  cancer  cell  derived  cav-1  uptake  by  TAEC  with  tumor 
growth  activities  as  proposed  in  this  task  and  the  results  were  incorporated  into  the  publications  listed  in 
the  reference  section. 


cav-1  Ab  (N=6) 
HBSS  (N=7) 
IgG  Ab  (N=6) 


Days 


HBSS  Xcav-1  P=0.0278 
IgG  Xcav-1  P=0.0305 


Fig.  14  -  The  cav-17'  mice  with  orthotopic  RM-9  tumor  and  lung  metastases 
treated  with  anti-cav-1  antibody  survive  significantly  longer  compare  to  mice 
treated  with  control  IgG  or  HBSS  (Kaplan-Meier  survival  plot). 
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Significance 


Our  mechanistic  data  are  consistent  with  the  concept  that  angiogenic  activities  of  prostate  cancer  cell 
derived,  secreted  cav-1  promotes  tumor  progression  and  the  progression  could  be  reduced  by  lowering 
serum  cav-1  level.  Our  novel  concept  of  CSD  and  cav-1  AB  will  lead  to  novel  approaches  for  prostate 
cancer  diagnosis  and  therapy. 

Plans 

Our  data  thus  far  yielded  important  mechanistic  insight  into  the  angiogenic  activities  of  prostate  cancer 
cell  derived,  secreted  cav-1.  The  results  of  our  studies  using  cav-1  Ab  treatment  raise  the  possibility  of 
developing  this  approach  toward  therapeutic  applications  as  single  or  as  combination  therapy.  In  our 
view,  the  next  important  step  is  to  apply  this  new  knowledge  to  the  clinical  settings  for  prostate  cancer 
diagnosis  and  therapy. 

Publications 

1.  Tahir  SA,  Frolov  A,  Hayes  TG,  Mims  MP,  Miles  BJ,  Lemer  SP,  Wheeler  TM,  Ayala  G,  Thompson 
TC,  and  Kadmon  D.  Preoperative  serum  caveolin-1  as  a  prognostic  marker  for  recurrence  in  a 
radical  prostatectomy  cohort.  Clin  Cancer  Res  12(16):  4872-5,  2006. 

2.  Yang  G,  et  al.  Correlative  evidence  that  prostate  cancer  cell-derived  caveolin-1  mediates 
angiogenesis.  Hum  Pathol  38(1 1):  1688-95,  2007. 

3.  Tahir  SA,  et  al.  Tumor  cell-secreted  caveolin-1  has  proangiogenic  activities  in  prostate  cancer. 
Cancer  Res  68(3):73 1-9,  2008. 

4.  Yang  G,  et  al.  Mice  with  cav-1  gene  disruption  have  benign  stromal  lesions  and  compromised 
epithelial  differentiation.  Exp  Mol  Pathol  84(2):  13 1-40,  2008. 

5.  Tahir  SA,  Park  S,  and  Thompson  TC.  Caveolin-1  regulates  VEGF-stimulated  angiogenic  activities 
in  prostate  cancer  and  endothelial  cells.  Cancer  Biol  Ther,  2009.  8(23).  [Epub  ahead  of  print] 

6.  Watanabe  M,  et  al.  Functional  analysis  of  secreted  caveolin-1  in  mouse  models  of  prostate  cancer 
progression.  Mol  Cancer  Res  7(9):  1446-55,  2009. 

7.  Li  L,  et  al.  Caveolin-1  promotes  autoregulatory,  Akt-mediated  induction  of  cancer-promoting  growth 
factors  in  prostate  cancer  cells.  Mol  Cancer  Res  7(1 1):  1781-1791,  2009. 

8.  Thompson  TC,  et  al.  The  role  of  caveolin-1  in  prostate  cancer:  clinical  implications.  Prostate  Cancer 
Prostatic  Dis,  2009  Jul  7.  [Epub  ahead  of  print] 
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KEY  RESEARCH  ACCOMPLISHMENTS 


1.  Secreted  cav-1  stimulates  angiogenic  activities  in  cav-1'1'  mouse  EC. 

2.  Akt  (S473,  T308)  and  eNOS  (SI  177)  are  significantly  phosphorylated  in  rcav-1  treated  cav-l'f' 
mouse  EC. 

3.  Arcav-1  (CSD  de lection  mutant)  did  not  stimulate  the  phosphorylation  of  eNOS  on  SI  177  in  cav-l'A 
mouse  EC. 

4.  Cav-1  is  an  important  regulator  of  VEGF- stimulated  angiogenesis  signaling  in  prostate  cancer  cells 
andHUVEC. 

5.  CSD  inhibited  the  effects  of  cav-1  in  prostate  cancer  cells  and  HUVEC. 

6.  Overexpression  of  cav-1  in  cav-1  negative  cells  led  to  significant  increased  level  of  YEGF,  FGF2 
and  TGF-p  1  mRNA  and  protein. 

7.  Cav-1  stimulated  expression  of  VEGF,  FGF2  and  TGF-P  1  mRNA  and  protein  was  mediated  by  Akt. 

8.  Cav-1  promoted  the  secretion  of  VEGF,  FGF2  and  TGF-p  1  into  the  medium. 

9.  Cav-1  and  cav-1  stimulated  VEGF,  FGF2  and  TGF-p  1  can  form  a  positive-feedback  autocrine  loop. 

10.  Cav-1  enhances  cancer  cell  motility  in  an  Akt-dependent  manner  and  up-regulates  VEGF,  TGF-p  1, 
and  FGF2  through  Akt-mediated  maintenance  of  mRNA  stability. 

11.  Cav-1  Ab  treatment  reduced  tumor  size,  number  of  lung  metastasis  and  increased  longevity  of  mice 
bearing  prostate  tumors  that  secrete  cav- 1 . 
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CONCLUSION 


Our  experiments  effectively  addressed  our  proposed  Tasks  and  yielded  interesting  and  important  results. 
Specifically,  the  results  of  our  experiments  yielded  important  mechanistic  insight  into  the  angiogenic 
activities  of  prostate  cancer  cell  derived,  secreted  cav-1.  During  the  last  three  years,  we  have  published 
eight  important  papers  defining  the  role  of  cav-1  in  prostate  cancer.  We  have  reported  that  cav-1 
potentiates  VEGF-stimulated  angiogenic  signaling  in  HUVEC  through  increased  tubule  length  and  cell 
migration.  Interestingly,  CSD  treatment  reduced  the  stimulatory  effect.  We  reported  cav-1  stimulates 
the  expression  and  secretion  of  VEGF,  FGF2  and  TGF-pi,  generating  a  positive-feedback  autocrine 
loop.  We  have  shown  in  cav-1 v'  mice  model,  cav-1  Ab  treatment  reduced  the  tumor  size,  metastasis 
number  and  increased  longevity  of  mice  bearing  cav-1  secreting  RM-9  tumor.  Our  work  strongly 
supports  use  of  serum  and  tissue  cav-1  as  a  prognostic  biomarker  in  prostate  cancer.  In  addition  our 
studies  indicate  that  systemic  cav-1  Ab  treatment  represents  a  novel  and  promising  therapeutic  approach 
for  metastatic  prostate  cancer. 
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Preoperative  Serum  Caveolin-1  as  a  Prognostic  Marker  for 
Recurrence  in  a  Radical  Prostatectomy  Cohort 

Salahaldin  A.  Tahir,1  Anna  Frolov,1  Teresa  G.  Hayes,4  Martha  P.  Mims,4  Brian  J.  Miles,1  Seth  P.  Lerner,1 
Thomas  M.  Wheeler,2  Gustavo  Ayala,2  Timothy  C.  Thompson,1'3,5  and  Dov  Kadmon1 


Abstract  Purpose:  Up-regulation  of  caveolin-1  (cav-1)  is  associated  with  virulent  prostate  cancer,  and 
serum  cav-1  levels  are  elevated  in  prostate  cancer  patients  but  not  in  benign  prostatic  hyperplasia. 
In  this  study,  we  evaluated  the  potential  of  high  preoperative  serum  cav-1  levels  to  predict 
biochemical  progression  of  prostate  cancer.  The  value  of  the  combined  preoperative  markers, 
prostate-specific  antigen  (PSA),  biopsy  Gleason  score,  and  serum  cav-1  for  predicting  biochem¬ 
ical  recurrence  was  also  investigated. 

Experimental  Design:  Serum  samples  taken  from  419  prostate  cancer  patients  before  radical 
prostatectomy  were  selected  from  our  Specialized  Programs  of  Research  Excellence  prostate 
cancer  serum  and  tissue  bank.  Serum  samples  were  obtained  0  to  180  days  before  surgery  and 
all  patients  had  complete  data  on  age,  sex,  race,  stage  at  enrollment,  and  follow-up  for  biochem¬ 
ical  recurrence.  Serum  cav-1  levels  were  measured  according  to  our  previously  reported  ELISA 
protocol. 

Results:  Cav-1  levels  were  measured  in  the  sera  of  419  prostate  cancer  patients;  the  mean  serum 
level  was  4.52  ng/mL  (median  1.01  ng/mL).  Patients  with  high  serum  cav-1  levels  had  a  2.7-fold 
(P  =  0.0493)  greater  risk  of  developing  biochemical  recurrence  compared  with  those  with  low 
serum  cav-1  levels.  Importantly,  patients  with  serum  PSA  >  1 0  ng/mL  and  elevated  levels  of  serum 
cav-1  had  2.44  times  higher  risk  (P  =  0.0256)  of  developing  biochemical  recurrence  compared 
with  patients  with  low  levels  of  cav-1 .  In  addition,  high  serum  cav-1  levels  combined  with  increasing 
biopsy  Gleason  score  predicted  much  shorter  recurrence-free  survival  in  the  group  of  patients  with 
PSA  >  10  ng/mL  ( P  —  0.0353).  Cav-1  was  also  able  to  distinguish  between  high-  and  low-  risk 
patients  with  biopsy  Gleason  score  of  seven,  after  adjusting,  for  patients  PSA  levels  (P  =  0.0429). 
Conclusions:  Overall,  elevated  preoperative  levels  of  serum  cav-1  predict  decreased  time 
to  cancer  recurrence.  In  the  subset  of  patients  with  serum  PSA  of  >10  ng/mL,  the  combination  of 
serum  cav-1  and  biopsy  Gleason  score  has  the  capacity  to  predict  time  to  biochemical  recurrence. 


In  2005,  ~  90%  of  newly  diagnosed  prostate  cancer  patients 
had  clinically  localized  disease  (1).  Consequently,  the  majority 
of  patients  are  treated  with  curative  intent  by  either  radical 
prostatectomy  or  radiation  therapy.  It  is  well  established, 
however,  that  10%  to  50%  of  patients  who  undergo  radical 
prostatectomy  will  show  biochemical  evidence  of  disease 
recurrence  [prostate-specific  antigen  (PSA)  recurrence]  within 
5  years  of  surgery  (2,  3).  Various  clinical  variables  have  been 
used,  singly  and  in  combination  (nomograms,  tables,  etc.),  to 
predict,  preoperatively,  which  patients  are  likely  to  fail 
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definitive  therapy  (4).  However,  the  predictive  value  of  these 
variables  has  been  thwarted  by  the  vexing  biological  diversity  of 
clinical  prostate  cancer.  New  markers  are  needed,  preferably 
serum  markers  that  have  been  mechanistically  implicated  in  the 
progression  of  virulent  disease.  We  believe  that  serum  caveolin- 
1  (cav-1)  may  be  such  a  marker. 

Cav-1  is  an  important  structural/regulatory  molecule  in¬ 
volved  in  many  aspects  of  molecular  transport  and  cell 
signaling  (5,  6).  Tissue  cav-1  is  overexpressed  in  metastatic 
and  in  hormone-resistant  prostate  cancer  (7).  Overexpression 
correlates  with  a  shortened  interval  to  disease  recurrence 
following  therapy  for  localized  disease  and  tends  to  be 
associated  with  a  high  Gleason  score  pathologically  (8-10). 
Interestingly,  cav-1  is  secreted  by  prostate  cancer  cells  (11)  and 
we  have  developed  a  sensitive  ELISA  immunoassay  for  the 
detection  of  cav-1  in  the  serum  (12).  In  a  preliminary  study,  we 
documented  that  prostate  cancer  patients  have  a  higher  serum 
cav-1  level  when  compared  with  age-matched  controls  with 
benign  prostatic  hyperplasia  (12). 

We  report  here  the  utility  of  a  single  preoperative  measure¬ 
ment  of  serum  cav-1  for  predicting  disease  recurrence  in  a 
cohort  of  419  prostate  cancer  patients  undergoing  radical 
prostatectomy  at  our  institution. 
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Materials  and  Methods 

Study  population.  The  sera  of  419  prostate  cancer  patients  were 
obtained  from  the  Specialized  Programs  of  Research  Excellence  prostate 
cancer  blood  and  tissue  bank  at  Baylor  College  of  Medicine.  Entry  into 
the  study  required  availability  of  preoperative  serum  samples  obtained 
within  6  months  of  surgery  and  complete  data  on  age,  race,  stage  at 
enrollment  and  follow-up,  as  well  as  availability  of  postoperative  semm 
samples,  as  this  is  a  part  of  a  larger  ongoing  investigation.  In  addition, 
patients  could  have  had  no  preoperative  therapy.  After  completion  of 
cav-1  measurements  in  the  serum,  it  was  discovered  that  seven  patients 
were  missing  reliable  data  on  their  preoperative  PSA  and/or  biopsy 
Gleason  score  and/or  follow-up  information.  These  patients  were 
included  in  all  analyses  that  did  not  require  missing  data.  The 
preoperative  serum  collected  from  355  patients  was  at  a  time  period 
between  prostate  biopsy  and  surgery.  No  information  was  available  in 
our  database  on  the  exact  preoperative  semm  collection  timing  with 
respect  to  biopsy  for  64  patients.  The  mean  age  of  this  patient  group 
was  62.6  years  (range  42.6-78.9  years);  91.4%  were  White  males,  with 
Hispanics,  African-Americans,  and  Asians  comprising  6.0%,  2.4%,  and 
0.2%,  respectively.  Mean  follow-up  time  among  this  group  of  patients 
was  52  months,  with  a  median  follow-up  time  of  48  months. 
Biochemical  recurrence  is  defined  throughout  this  study  as  semm  PSA 
level  of  >0.2  ng/mL  on  two  consecutive  measurements,  using  the  first- 
generation  postresection  PSA  assay  (Hybritech,  Beckman  Coulter,  Inc., 
Fullerton,  CA).  Patient  data  were  gathered  from  the  Informatics  Core 
using  the  Specialized  Programs  of  Research  Excellence  in  Prostate 
Cancer  Information  System. 

Determination  of  serum  cav-1.  Cav-1  was  determined  in  the  semm 
samples  by  the  sandwich  ELISA  protocol  developed  in  our  laboratory 
(12).  Briefly,  Costar  microplate  wells  were  coated  with  0.5  jag  cav-1 
polyclonal  antibody  (Transduction  Laboratories,  San  Diego,  CA)  and 
blocked  with  TBS  buffer  containing  1.5%  bovine  semm  albumin  and 
0.05%  v/v  Tween  20.  Semm  samples,  calibrators,  and  controls  (50  pL) 
were  added  to  the  well,  and  50  pL  TBS  containing  0.5%  v/v  Tween  20 
was  added  to  each  well.  The  plate  was  incubated  at  room  temperature 
for  2  hours  with  shaking  and  after  extensive  washing,  100  pL 
horseradish  peroxidase  -  conjugated  cav-1  antibody  (Santa  Cruz  Bio¬ 
technology,  Santa  Cruz,  CA)  diluted  1:200  in  blocking  buffer  was 
added  to  each  well.  The  microplate  was  incubated  for  90  minutes  at 
room  temperature  with  shaking,  the  wells  were  then  washed 
extensively,  and  100  pL  3,3',5,5'-tetramethylbenzidine  substrate  solu¬ 
tion  (Sigma-Aldrich,  St.  Louis,  MO)  was  added  and  the  blue  color  was 
allowed  to  develop  for  20  minutes  in  the  dark.  The  reaction  was 
stopped  by  adding  50  pL  of  2  N  H2S04,  and  the  absorbance  was  read  at 


Table  1.  Preoperative  serum  cav-1  level 
correlation  with  clinical  and  pathologic  variables 


n 

Mean  (range),  % 

r2 

P 

Preoperative  cav-1 

419 

4.5  (0.0-156.7) 

— 

— 

Preoperative 

415 

8.6  (0.4-53.2) 

0.01 

0.9013 

PSA  (ng/mL) 

Age 

419 

62.6  (42.6-78.9) 

0.02 

0.6268 

Biopsy  Gleason 

412 

6.1  (3-9) 

-0.06 

0.2051 

score 

Seminal  vesicle 

419 

7.6% 

-0.01 

0.8543 

invasion 

Lymph  node 

419 

3.8% 

0.08 

0.1024 

involvement 

Extraprostatic 

419 

32.7% 

0.07 

0.1378 

extension 

Margin  positive 

419 

11.9% 

0.06 

0.2425 

Gleason  score 

419 

6.5  (3-9) 

-0.01 

0.8342 

Table  2.  Preoperative  serum  cav-1  is  a  univariate 
and  multivariate  predictor  of  decreased 
biochemical  recurrence-free  survival 

HR  (95%  Cl) 

P 

Univariate  model 

Preoperative  cav-1 

2.78  (1.003-7.70) 

0.0493 

Multivariate  model 

Preoperative  cav-1 

2.57  (0.92-7.12) 

<0.0704 

Ln(PSA) 

2.31  (1.60-3.33) 

<0.0001 

Biopsy  Gleason  score 

1.74  (1.32-2.30) 

0.0001 

450  nm  using  a  microplate  reader  (Sunrise  Microplate  Reader,  Tecan 
US,  Inc.,  Charlotte,  NC). 

Statistical  analysis.  Correlations  of  preoperative  semm  cav-1  levels 
with  clinical  and  pathologic  variables  were  evaluated  using  the 
Spearman  correlation.  The  predictive  value  of  cav-1  univariately  and 
multivariately  with  other  preoperative  clinical  and  pathologic  variables, 
such  as  preoperative  PSA  and  biopsy  Gleason  score,  as  well  as  of  the 
interactive  terms,  were  analyzed  using  the  Cox  proportional  hazards 
regression  model  The  minimum  P  value  method  was  used  to  group 
patients  into  "low-level"  and  "high-level"  cav-1  categories  (13).  The 
hazard  ratio  (HR)  and  95%  confidence  intervals  (95%  Cl)  were 
computed  for  each  marker.  Kaplan-Meier  survival  curves  were  plotted 
for  each  risk  category.  P  <  0.05  was  considered  statistically  significant. 
All  analyses  were  done  using  the  SPSS  12.0  software  package  (SPSS, 
Inc.,  Chicago,  IL) 

Results 

Serum  cav-1  levels  were  measured  in  419  prostate  cancer 
patients.  The  mean  cav-1  value  was  4.52  ng/mL  and  the  median 
level  was  1.01  ng/mL  (range  0.0-156.7  ng/mL).  Serum  cav-1 
levels  seemed  to  have  a  bimodal  distribution,  with  positive 
values  distributed  log  normally.  The  serum  cav-1  levels  were 
analyzed  for  correlation  with  other  pathologic  and  clinical 
variables  using  the  Spearman  correlation.  No  statistically 
significant  correlations  with  clinicopathologic  variables  were 
found  (Table  1). 


Fig.  1.  High  expression  of  cav-1  predicts  decreased  biochemical  recurrence-free 
survival.  This  Kaplan-Meier  plot  illustrates  the  differences  in  recurrence-free  survival 
between  the  low  and  high  groups  when  separated  by  cav-1  cut  point  of  0.13  ng/mL. 
Patients  with  high  level  of  cav-1  experienced  significantly  higher  risk  of  recurrence 
than  those  with  low  levels  (P  =  0.0493). 
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There  were  414  patients  with  complete  follow-up  informa¬ 
tion  were  included  in  the  analysis  of  recurrence-free  survival 
(mean  follow-up  52.3  months,  maximum  171.3  months); 
54  patients  had  PSA  recurrence  during  follow-up.  Although  it 
was  clear  that  patients  with  no  or  very  low  levels  of  cav-1  had  a 
better  prognosis,  the  optimal  cutoff  was  selected  using  the 
minimum  P  value  method  (13).  This  defined  the  low  cav-1 
group  as  patients  with  levels  of  <0.13  ng/mL  and  the  high  cav-1 
group  as  those  with  >0.13  ng/mL.  In  univariate  analysis,  the 
risk  of  experiencing  biochemical  recurrence,  estimated  by  HR, 
was  2.8  times  higher  (P  =  0.0493)  for  the  high  cav-1  group 
compared  with  the  low  cav-1  group  (Table  2).  Kaplan-Meier 
plots  illustrate  the  shorter  time  to  biochemical  recurrence 
following  radical  prostatectomy  in  the  high  cav-1  group 
compared  with  low  cav-1  group.  The  5-  and  10-year  recur¬ 
rence-free  survival  rates  were  94.4%  and  90.5%  for  the  low  cav- 
1  group  compared  with  82.0%  and  71.8%  for  the  high  cav-1 
group.  This  corresponds  to  a  consistent  12%  to  21%  increased 
progression-free  survival  for  the  low  cav-1  group  (Fig.  1).  When 
the  preoperative  serum  PSA  level  and  the  biopsy  Gleason  score 
were  incorporated  into  the  multivariate  Cox  proportional 
hazard  model,  the  recurrence  risk  was  2.6  times  higher  for 
the  high  cav-1  group,  but  this  effect  was  just  below  the  level  of 
significance  (P  =  0.0704;  Table  2). 

The  effect  of  the  serum  cav-1  level  on  biochemical  recurrence 
was  further  analyzed  in  patients  with  more  advanced  cancers, 
characterized  by  PSA  of  >10  ng/mL.  The  distribution  shape 
remained  the  same  and  patients  with  low  cav-1  levels 
continued  to  have  a  better  prognosis.  A  new  optimal  cutoff  of 
2.86  ng/mL  was  identified  for  this  subgroup  of  patients. 
Univariately,  the  estimated  risk  of  recurrence  was  2.44  times 
higher  (P  =  0.0256)  in  the  high  cav-1  group  (serum  cav-1  >2.86 
ng/mL)  than  in  its  low  cav-1  counterpart  (serum  cav-1  <2.86 
ng/mL;  Table  3).  Kaplan-Meier  plots  illustrate  that  patients  in 
the  high  cav-1  group  had  a  much  shorter  time  to  recurrence 
than  those  in  the  low  cav-1  group  (Fig.  2).  This  figure  also 
indicates  a  10-year  recurrence-free  survival  rate  of  70.3%  in  the 
low  cav-1  group  compared  with  47.4%  in  the  high  cav-1  group 
corresponding  to  a  >20%  decrease  in  progression-free  survival 
in  the  low  cav-1  group. 

Incorporating  the  biopsy  Gleason  score  into  the  Cox 
proportional  hazard  model  (Table  3),  we  found  that  the 
interaction  term  between  Gleason  score  and  the  cav-1  was  the 
most  predictive  (P  =  0.0353).  This  indicates  that  the  biopsy 
Gleason  score  was  an  additional  risk  factor  only  in  the  high 
cav-1  group.  The  Kaplan-Meier  plot  (Fig.  3)  illustrates  this  result 
by  showing  the  highest  recurrence  risk  in  patients  with  high 
cav-1  and  high  biopsy  Gleason  score  (7-9);  and  lower 


Table  3.  Preoperative  serum  cav-1  is  a  univariate 
and  multivariate  predictor  of  decreased 
biochemical  recurrence-free  survival  among 
patients  with  preoperative  PSA  of  >10 

HR  (95%  Cl) P 

Univariate  model 

Preoperative  cav-1  2.44  (1.12-5.34)  0.0256 

Multivariate  model 

Preoperative  Cav-1  x  1.13  (1.01-1.27)  0.0353 

biopsy  Gleason  score 


Fig.  2.  For  patients  with  PSA  of  >10,  high  expression  of  cav-1  is  a  strong  predictor 
of  decreased  biochemical  recurrence-free  survival.  For  this  high-risk  patient 
subgroup,  optimal  cutoff  was  determined  to  be  at  2.86  ng/mL. The  Kaplan-Meier 
plot  here  shows  the  difference  observed  in  the  data. 

recurrence  risk  in  the  high  cav-1  and  low  biopsy  Gleason  score 
(<7)  group,  and  those  patients  with  low  cav-1  regardless  of  the 
biopsy  Gleason  score.  Recurrence-free  survival  curve  for 
patients  with  low  PSA  (<10)  was  plotted  for  reference  as  well. 

For  biopsy  Gleason  7  patients,  the  trend  was  the  same: 
Higher  cav-1  was  observed  in  higher-risk  patients.  The 
difference  in  risk  of  recurrence,  estimated  by  HR,  between 
low  and  high  cav-1  patients  with  cutoff  defined  at  upper 
quartile  of  cav-1  (and  confirmed  by  minimum  P  value 
method),  was  not  statistically  significant  (P  =  0.0953). 
However,  after  including  preoperative  PSA  in  the  model,  the 


Fig.  3.  Cav-1  works  with  biopsy  Gleason  score  and  preoperative  PSA  to  predict 
biochemical  recurrence-free  survival.  The  interaction  term  between  biopsy  Gleason 
score  and  the  cav-1,  incorporated  into  the  Cox  proportional  hazard,  was  the 
most  predictive  of  recurrence-free  survival  among  patients  with  PSA  of  >10 
(P  =  0.0353).  This  Kaplan-Meier  plot  illustrates  how  patients  with  both  high  cav-1 
(>2.86  ng/mL)  and  biopsy  Gleason  score  of  >7  have  the  poorest  prognosis. 

Curve  for  patients  with  PSA  <  10  was  plotted  for  reference. 
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difference  became  statistically  significant  (HR,  2.29;  P  = 
0.0429).  A  patient  with  cav-1  in  the  upper  quartile  had  over 
twice  the  risk  of  recurrence  of  one  with  cav-1  in  the  lower  three 
quartiles  if  their  preoperative  PSA  levels  were  the  same. 

Discussion 

This  study  is  part  of  our  ongoing  efforts  to  elucidate  the 
biology  and  to  define  the  clinical  usefulness  of  serum  cav-1  in 
prostate  cancer.  Although  the  factors  modulating  the  serum 
levels  of  this  biomarker  remain  largely  unknown,  the  current 
study  points  out  that  a  single  preoperative  serum  cav-1 
determination  has  prognostic  value  in  a  radical  prostatectomy 
cohort.  We  observed  the  increase  of  the  risk  of  biochemical 
recurrence  with  high  levels  of  serum  cav-1,  and  so  we  used  the 
minimum  P  value  method  to  segregate  the  patients  into  low- 
level  and  high-level  groups.  Remarkably,  the  risk  of  experienc¬ 
ing  a  PSA  recurrence,  estimated  by  HR,  was  2.78  (95%  Cl, 
1.003-7.70)  times  higher  for  the  high-level  cav-1  group  (P  = 
0.0493),  (see  Fig.  1;  Table  2).  Incorporating  the  preoperative 
serum  PSA  level  and  the  biopsy  Gleason  score  into  the  model 
dropped  the  effect  of  cav-1  to  just  below  the  level  of 
significance  (HR,  2.57;  P  =  0.0704). 

Interestingly,  we  found  that  the  serum  cav-1  levels  are 
particularly  important  in  predicting  recurrence-free  survival  in 
patients  with  more  advanced  disease  as  defined  by  the 
preoperative  serum  PSA.  When  only  patients  with  preoperative 
serum  PSA  levels  of  10  ng/mL  or  higher  were  analyzed,  cav-1 
remained  a  significant  predictor  of  recurrence-free  survival  (HR, 
2.44;  P  =  0.0256).  Additionally,  the  cav-1  /biopsy  Gleason  score 
interaction  term  was  a  significant  predictor  (P  =  0.0353). 
This  implies  that  patients  with  both  a  high  biopsy  Gleason 
score  and  a  high  serum  cav-1  level  have  a  higher  risk  of 


biochemical  recurrence  than  the  remaining  patients.  Also,  a 
subgroup  of  biopsy  Gleason  7  prostate  cancer  patients,  defined 
by  the  upper  25%  of  serum  cav-1  levels,  seems  to  harbor  a 
biologically  more  aggressive  prostate  cancer  after  correction  for 
individual  PSA  levels.  All  of  these  findings  are  consistent  with 
our  previous  reports  based  on  tissue  up-regulation  of  cav-1 
expression  (8). 

Notably,  the  distribution  of  the  serum  cav-1  values  in  the 
study  population  was  not  a  normal  distribution.  About  10%  of 
patients  had  undetectable  serum  levels  by  our  sensitive  ELISA 
essay.  We  can  only  speculate  at  this  point  as  to  the  possible 
reason  for  this  phenomenon.  It  is  possible  that  the  presence  of 
any  cav-1  in  the  serum  is  dictated  by  the  genetic  background  of 
the  individual  and  that,  physiologically,  there  may  be 
"secretors"  and  "nonsecretors."  Within  the  secretor  population, 
the  specific  makeup  of  the  cancer  may  be  contributing  to  the 
absolute  serum  level. 

Surprisingly,  we  could  not  correlate  the  serum  cav-1  levels 
with  any  of  a  large  number  of  clinical  and/or  pathologic 
variables  using  the  Spearman  correlation  (Table  1).  We  suggest 
that  the  reason  is  that  cav-1  is  an  independent  biomarker 
causally  implicated  in  disease  progression  and  not  simply  an 
epiphenomenon. 

Many  questions  remain.  For  instance,  we  do  not  know  the 
incidence  of  false-positive  and/or  false-negative  elevated  serum 
cav-1  values  vis-a-vis  the  tumor  tissue  cav-1  expression.  Only  a 
correlative  study  of  tissue  and  serum  levels  of  cav-1  can  answer 
this  question.  Likewise,  the  kinetics  of  the  serum  cav-1  has  not 
been  worked  out,  nor  do  we  know  what  the  stability  of  serum 
cav-1  is  over  extended  periods  of  time.  Clearly,  we  are  at  the 
beginning  of  the  road  leading  to  the  establishment  of  serum 
cav-1  as  a  prognostic  marker  for  prostate  cancer.  The  data 
presented  here  suggest  that  this  road  is  worth  pursuing. 
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Summary  Up-regulation  of  caveolin-1  (cav-1)  has  been  implicated  in  human  prostate  cancer  progression/ 
metastasis  and  shown  to  promote  cancer  cell  survival.  It  has  also  been  shown  that  cav-1  is  secreted  by 
tumor  cells  and  may  regulate  the  growth,  functional  activities,  and  migration  of  vascular  endothelial  cells. 
However,  the  relationship  of  cav-1  expression  in  prostate  cancer  cells  and  tumor  associated  endothelial 
cells  (TAEC)  to  tumor-associated  angiogenesis  remains  to  be  investigated.  Dual  immunofluorescent 
labeling  with  antibodies  to  CD34  and  cav-1  was  performed  on  56  prostate  cancer  specimens  obtained  by 
radical  prostatectomy  and  stratified  according  to  cav-1  positivity  in  cancer  cells.  The  tumor  microvessel 
densities  (MVD)  and  cav-1  expression  in  TAEC  within  these  specimens  were  measured  and  correlated 
with  cav-1  expression  in  prostate  cancer  cells.  The  MVD  values  were  significantly  higher  in  cav-1  - 
positive  (n  =  25)  than  in  the  cav-1 -negative  (n  =  31)  tumors  (median  of  44  versus  25  vessels/field,  P  = 
.0140).  Additional  studies  showed  that  the  cav-1  positivity  in  micro  vessels  within  tumor  specimens  was 
significantly  less  frequent  than  in  the  blood  vessels  of  benign  prostatic  tissues  (94.4%  versus  98.6%,  P  = 
.0012).  In  contrast,  the  percentage  of  cav-1 -positive  TAEC  in  cav-1 -positive  tumors  was  significantly 
higher  than  in  cav-1 -negative  tumors  (95.8%  versus  92.7%,  P  =  .0024).  This  increased  cav-1  positivity  in 
TAEC  was  predominantly  confined  to  regions  with  cav-1 -positive  tumor  cells  corresponding  to  the 
higher  percentage  of  cav-1 -positive  micro  vessels  within  these  regions  in  cav-1 -positive,  as  opposed  to 
cav-1 -negative  tumors  (P  =  .0086).  These  positive  correlations  provide  new  evidence  for  the  involvement 
of  prostate  cancer  cell  derived  cav-1  in  mediating  angiogenesis  during  prostate  cancer  progression.  They 
also  establish  a  conceptual  framework  for  further  investigation  of  cav-1  proangiogenic  activities. 

©  2007  Elsevier  Inc.  All  rights  reserved. 
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Caveolin-1  (cav-1)  is  an  important  structural/regulatory 
molecule  involved  in  many  aspects  of  molecular  transport 
and  normal  cell  signaling.  The  biologic  consequences  of 
inappropriate  cav-1  expression  in  malignant  cells  depend 


0046-8177/$  -  see  front  matter  ©  2007  Elsevier  Inc.  All  rights  reserved, 
doi:  1 0. 1 0 1 6/j  .humpath.2007.03 .024 


Caveolin-1  and  angiogenesis  in  human  prostate  cancer 


1689 


on  protein  level  and  cell  context  (for  review,  see  [1]).  In 
contrast  to  studies  that  suggest  a  growth  suppressor  role  for 
cav-1  in  malignant  cells  [2-4],  our  research  has  documen¬ 
ted  overexpression  of  cav-1  in  both  mouse  and  human 
prostate  cancer  cells  [5]  and  established  its  correlation  with 
metastasis  and  androgen  insensitivity  of  prostate  cancer 
cells  [6,7].  We  have  also  shown  that  cav-1  overexpression 
is  associated  with  an  unfavorable  clinical  prognosis  in  men 
who  have  undergone  radical  prostatectomy  [8].  A  positive 
correlation  between  cav-1  overexpression  and  clinicopatho- 
logic  markers  of  cancer  progression  has  been  reported  for 
other  malignancies,  including  colon  cancer  [9],  renal 
cancer  [10,11],  bladder  cancer  [12,13],  oral  squamous 
cancer  [14],  esophageal  squamous  cancer  [15,16],  papillary 
carcinoma  of  the  thyroid  [17],  lung  cancer  [18-20], 
pancreatic  cancer  [21,22],  ovarian  cancer  [23],  and  some 
types  of  breast  cancer  [24]. 

The  molecular  mechanism(s)  that  underlie  the  role  of 
increased  cav-1  expression  in  promoting  prostate  cancer  cell 
progression  are  unclear.  However,  we  have  recently  shown 
that  cav-1  protein  binds  to  and  inhibits  the  activities  of  PP1/ 
PP2A  serine/threonine  phosphatases,  preventing  inactivation 
of  Akt  through  dephosphorylation  and  thus  sustaining  levels 
of  phospho-Akt  and  its  activity  in  procancer  cells  survival 
[25,26].  We  have  also  demonstrated  that  metastatic  prostate 
cancer  cells  secrete  biologically  active  cav-1  in  a  steroid- 
regulated  fashion  [27].  Using  an  in  vivo  mouse  prostate 
cancer  model,  we  showed  that  antibody  to  cav-1  protein  may 
inhibit  prostate  cancer  metastasis,  whereas  cav-1  derived 
from  cancer  cells  may  function  as  a  paracrine/endocrine 
factor  [27].  This  clearly  indicates  that  the  function  of  cav-1  in 
prostate  cancer  progression/metastasis  may  involve  a  com¬ 
plex  series  of  cell/cell  interactions,  some  with  cancer  cells 
exclusively,  some  with  stromal  cells,  and  others  with 
vascular  endothelial  cell  (EC). 

Accumulating  evidence  suggests  that  cav-1  can  regulate 
the  growth,  differentiation,  and  functional  activities  of 
vascular  EC  [28-30].  In  cultured  human  EC,  cav-1  up- 
regulation  enhances  EC  tubule  formation  [3 1  ]  and  stimulates 
the  migration  of  cultured  human  EC  [32].  In  an  experimental 
tumor  model  based  on  a  melanoma  cell  line,  B16-F10, 
angiogenesis  is  impaired  in  cav-l~f~  compared  to  cav-1 +/+ 
mice,  indicating  a  critical  role  for  this  regulatory  protein  in 
tumor  angiogenesis  [33]. 

We  therefore  analyzed  the  role  of  cav-1  expression  in 
angiogenesis  in  human  prostate  cancer  specimens  with 
close  attention  to  the  potential  interaction  between  cancer 
cells  and  tumor-associated  EC  (TAEC).  Using  a  dual 
immunofluorescent  technique  that  detects  colocalization  of 
cav-1  protein  and  CD34  antigen,  an  EC  marker  [34],  in 
situ,  we  compared  measurements  of  cav-1  expression  in 
prostate  cancer  cells  with  tumor  microvessel  densities 
(MVDs)  or  cav-1  positivity  in  TAEC.  Results  indicate  an 
important  role  for  prostate  cancer  cell-derived  cav-1  in 
tumor  angiogenesis  and  thus  in  the  promotion  of  tumor 
progression/metastasis. 


2.  Materials  and  methods 

2.1.  Patients  and  tissue  processing 

For  this  study,  prostate  cancer  specimens  were  obtained 
from  Baylor  College  of  Medicine  Prostate  Cancer  Specia¬ 
lized  Programs  of  Research  Excellence  Tissue  Core,  and 
collected  from  fresh  radical  prostatectomy  specimens  after 
informed  consent  was  obtained  under  an  institutional  review 
board-approved  protocol.  Fifty-six  specimens  derived  from  a 
patient  cohort  (n  =  1 89)  that  had  been  previously  selected  in  a 
consecutive  manner  by  an  independent  statistician  and  had 
been  characterized  for  cav-1  expression  using  ABC 
immuno staining  as  described  [8]  were  included  in  this 
study.  All  patients  had  undergone  radical  prostatectomy  for 
moderate  to  poorly  differentiated  prostate  adenocarcinoma 
(Gleason  score,  5-9)  that  was  clinically  localized  to  the 
prostate  (cTl/T2,  NX,  MO)  as  determined  by  physical 
examination  and  transrectal  ultrasound  imaging  in  each  case. 
The  dominant  focus  of  tumor  cells  within  the  radical 
prostatectomy  specimen  was  representative  of  the  overall 
grade  ascribed  to  that  tumor  using  the  method  of  Gleason. 
The  56  specimens,  based  on  cav-1  immunostaining  result, 
were  categorized  into  the  following  2  groups:  those  with  (n  = 
25)  or  without  (n  =  31)  cav-1 -positive  cancer  cells.  Eight 
benign  prostate  specimens  from  cystoprostatectomies  were 
used  as  controls. 

2.2.  Immunohistochemistry 

Double  immunofluorecence  staining  was  performed  on 
formalin- fixed,  paraffin-embedded,  5 -pm  sections  derived 
from  punch  biopsies  of  archived  blocks  of  prostate  tumor 
specimens.  The  rabbit  polyclonal  anti-cav-1  antibody 
(Santa  Cruz  Biotechnology  Inc,  Santa  Cruz,  CA)  and 
mouse  monoclonal  anti-CD34  antibody  (QB End/10;  Neo- 
Markers,  Fremont,  CA)  were  used  to  identify  cav-1  protein 
accumulation  in  vascular  EC.  Briefly,  after  tissue  sections 
were  deparaffinized  and  rehydrated  through  graded 
alcohol,  they  were  heated  in  0.01  mol/L  citrate  buffer  at 
pH  6.0  by  microwave  for  10  minutes  to  enhance  antigen 
retrieval.  After  a  20-minute  blocking  step  with  3%  normal 
horse  or  goat  serum,  the  sections  were  sequentially 
incubated  with  cav-1  antibody  diluted  1:200  for  90 
minutes,  and  then  in  biotinylated  antirabbit  IgG  and  in 
strep tavidin-FITC  for  30  minutes  each.  The  sections  were 
reblocked  in  1.5%  normal  horse  serum  for  20  minutes  and 
incubated  in  CD34  antibody  diluted  1:80,  followed  by 
incubation  in  Cy-3  conjugated  antimouse  IgG.  Positive 
and  negative  controls  were  included  in  each  experiment. 
The  specificity  of  immunoreactions  was  verified  by 
replacing  the  primary  antibodies  with  phosphate-buffered 
saline  or  with  normal  rabbit  or  mouse  serum.  In  addition, 
double  labeling  with  cav-1  and  PCNA  (DaKo,  Glostrup, 
Denmark),  or  cav-1  and  vascular  endothelial  growth  factor 
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receptor  2  (VEGFR2)  (Santa  Cruz  Biotechnology  Inc)  as 
well  as  VEGFR2  and  factor  VIII  (Dako)  antibodies  were 
performed  by  using  similar  protocols  on  some  specimens. 
The  labeled  specimens  were  evaluated  with  a  Zeiss 
fluorescent  microscope  (Carl  Zeiss  Inc,  Jena,  Germany) 
equipped  with  a  video  camera  that  captured  and  digitized 
the  images  from  each  fluorophore  (red  for  CD34  and 
green  for  cav-1).  Each  complete  section  was  viewed 
systematically  field-by-field  over  the  entire  cancer  area, 
with  each  measured  field  corresponding  to  a  real  tissue 
area  of  0.0625  mm2.  The  densities  of  microvessels  labeled 
by  CD34  and  the  percentages  of  the  cav-1 -negative 
microvessels  were  measured  on  individually  acquired 
images  for  each  fluorophore  and  on  superimposed  images 
of  both  fluorophores  with  the  aid  of  OPTIMAS  (6.0) 
software.  The  percentage  of  cav-1 -positive  microvessels 
was  calculated  by  the  formula,  100  x  (total  number  of 
CD34-positive  vessels  -  cav-1 -negative  vessels)  /  total 
number  of  CD3 4-positive  vessels.  The  percentage  of 
VEGFR2 -positive  microvessels  was  also  measured  by 
using  a  similar  procedure. 

2.3.  Statistical  methods 

Mann- Whitney  rank  analysis  was  used  to  compare  MVD 
values,  the  percentages  of  cav-1 -positive  micro  vessels,  and 
the  percentages  of  VEGFR2 -positive  micro  vessels.  Wil- 
coxon  signed-rank  test  was  used  to  analyze  paired 
comparisons  of  cav-1  positivity  in  the  TAEC  of  cav-1  - 
positive  versus  cav-1 -negative  tumor  regions.  A  t  test  for 
independent  samples  and  Mann- Whitney  rank  test  were  used 
to  compare  covariates  distributions  between  groups.  Logistic 
regression  analysis  was  used  to  verify  the  significance  of  the 
observed  differences  among  covariates.  P  values  of  less  than 
.05  were  considered  statistically  significant.  All  analyses 
were  performed  with  the  SPSS  12.0  software  package  (SPSS 
Inc,  Chicago,  IL). 


3.  Results 

Immunohistochemical  analyses  were  conducted  on  the 
adjacent  sections  of  a  subset  of  prostate  cancer  specimens 
that  had  been  analyzed  for  cav-1  expression  and  in  which 
positive  correlations  between  cancer  cell  cav-1  expression 
and  adverse  clinicopathologic  features,  as  well  as  a  poor 
clinical  outcome,  had  been  found  [8].  The  specimens  were 
then  stratified  as  cav-1 -positive  (n  =  25)  or  cav-1 -negative 
(n  =  31)  based  on  the  detection  of  cav-1  expression  in 
cancer  cells  by  the  ABC  immunohistochemical  analysis 
with  confirmation  by  immunofluorescence  staining  (100% 
concurrence  between  the  2  procedures).  The  2  groups  of 
patients  represented  by  the  stratified  specimens  were 
comparable  in  age,  pathologic  and  clinical  staging,  and 
Gleason  score.  CD34  antigen  and  cav-1  were  expressed 


simultaneously  in  the  vascular  EC  of  these  specimens; 
hence,  specific  expression  of  cav-1  in  EC  could  be 
recognized  on  the  superimposed  images  derived  from  dual 
labeling  (Fig.  1).  The  specificity  of  each  antibody  reaction 
was  confirmed  by  the  loss  of  staining  after  the  primary 
antibody  was  replaced  with  nonspecific  IgG  or  phosphate- 
buffered  saline  (data  not  shown). 


Fig.  1  Analysis  of  cav-1  positivity  in  human  prostate  cancer 
specimens  using  cav-1  and  CD34  double  immunofluorescence 
labeling.  A,  CD34+  cells;  B,  cav-1 +  cells;  C,  superimposed  CD34+ 
and  cav-1 +  cells  (arrows  indicate  cav-1 -negative  EC). 
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3.1.  Higher  MVDs  in  cav-l-positive  tumors 

Microvessels  labeled  with  CD34  antibody  were  quanti¬ 
fied  within  systemically  sampled  regions  of  prostate  tumor 
specimens.  The  MVDs  were  first  assessed  according  to  the 
cav-1  status  of  the  samples.  The  MVD  value  for  all  cav-l- 
positive  tumors  was  significantly  higher  than  that  for  the  cav- 
1 -negative  tumors  (median  density,  44  versus  25  micro- 
vessels/field;  P  =  .0140)  (Fig.  2).  This  difference  remained 
significant  (P  =  .038)  after  adjusting  for  patients’  ages, 
clinicopathologic  tumor  stage,  and  total  Gleason  score  (data 
not  shown). 

3.2.  Cav-l-positive  tumors  demonstrate  a  higher 
percentage  of  cav-l-positive  microvessels 

Most  CD34-positive  microvessels  (>90%)  were  posi¬ 
tively  labeled  by  the  cav-1  antibody  (Fig.  1A,  B);  however, 
a  small  fraction  of  the  EC  aggregates  lacked  detectable  cav- 
1  protein  by  immunohistochemistry  (Fig.  1C)  and  tended  to 
form  smaller  microvessel  fragments  or  to  extend  via  single 
cell  “sprouts”  (arrows  in  Fig.  1C).  To  calculate  the 
percentage  of  cav-l-positive  micro  vessels,  we  used  the 
formula:  100  x  (total  number  of  CD34-positive  vessels  - 
cav-1 -negative,  CD-34-positive  vessels)  /  total  number  of 
CD34-positive  vessels.  Thus,  the  median  proportion  of  cav- 
l-positive  blood  vessels  in  benign  prostate  specimens  was 
98.61%  (range,  93.19%-100%),  compared  with  94.41% 
(range  71.32%-98.76%)  in  the  tumor  specimens  (P  =  .0012, 
Fig.  3).  After  stratification  of  the  samples  into  cav-l- 
positive  and  cav- 1 -negative  groups  (n  =  25  and  31, 
respectively),  a  significantly  higher  percentage  of  cav-l- 
positive  microvessels  (median,  95.78%;  range,  80%- 


Fig.  2  Comparisons  of  MVDs  between  cav-l+  and  cav-1  ~  tumor 
specimens  as  demonstrated  by  box  plots.  Top  and  bottom  lines  of 
each  box  denote  75th  and  25  percentile  values,  whereas  the  middle 
line  shows  the  median  value.  Vertical  bars  extend  to  90th  and  1 0th 
percentiles,  outliers  are  indicated  by  crosses. 


be n ig n  p ro state  p r os t ate  cancer 

n  =  8  n  =  56 

Fig.  3  Cav-1  positivity  in  vascular  EC  of  benign  prostate 
specimens  (n  =  8)  was  compared  with  that  of  prostate  cancer 
specimens  in  box  plots.  Top  and  bottom  lines  of  each  box  denote 
75th  and  25  percentile  values,  whereas  the  middle  line  shows  the 
median  value.  Vertical  bars  extend  to  90th  and  10th  percentiles, 
outliers  are  indicated  by  crosses. 

98.76%)  was  found  in  cav-l-positive  compared  with  cav- 
1 -negative  specimens  (median,  92.65%;  range71.32%- 
97.32%o)  (P  =  .0024;  Fig.  4).  This  difference  remained 
significant  (P  =  .0280)  after  adjustment  for  patients’  ages, 
clinicopathologic  tumor  stage,  and  total  Gleason  score. 
Moreover,  both  the  cav-1 -negative  and  the  cav-l-positive 
tumors  had  a  significantly  lower  percentage  of  cav-l-positive 
vessels  than  the  benign  prostates  specimens  (P  =  .0004  or 
P  =  .0148,  respectively)  (Fig.  4). 


benign  prostate  negative  cav-1  positive 

tumors  tumors 

n  =  8  n  =  31  n  =  25 

Fig.  4  Comparison  of  the  percentages  of  cav-l+  blood  vessels 
between  cav-l+  and  cav-1  ~  tumor  specimens  as  well  as  benign 
prostate  tissues.  In  the  box  plots,  top  and  bottom  lines  of  each  box 
denote  75th  and  25  percentile  values,  whereas  the  middle  line 
shows  the  median  value.  Vertical  bars  extend  to  90th  and  10th 
percentiles,  outliers  are  indicated  by  crosses. 
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3.3.  Increased  percentage  of  cav-l-positive 
microvessels  surrounding  cav-l-positive 
cancer  cells 


3.5.  Higher  percentage  of  VEGFR2-positive 
microvessels  is  associated  with 
cav-l-positive  tumors 


To  further  analyze  the  effect  of  prostate  cancer  cell- 
associated  cav-1  expression  on  angiogenesis,  we  examined 
cav-1  positivity  in  EC  within  regions  of  cav-l-positive 
tumors  containing  cav-l-positive  cancer  cells  versus  that  in 
regions  lacking  such  cells.  Results  (Fig.  5)  showed  a  higher 
percentage  of  cav-l-positive  micro  vessels  within  cav-l- 
positive  regions  (median,  96.30%;  range,  79.75%-100%) 
than  in  regions  comprising  cav-1 -negative  tumor  cells 
(median,  93.55%;  range,  72.45%-98.76%)  (P  =  .0102). 
Further  comparison  showed  that  the  percentage  of  cav-l- 
positive  micro  vessels  in  tumor  regions  positive  for  cav-1  was 
also  significantly  higher  than  in  cav-1 -negative  tumors  (P  = 
.0086;  Fig.  5). 


To  explore  a  possible  mechanism  for  the  cav-1  effect  on 
angiogenesis,  VEGFR2  expression  was  analyzed  on  prostate 
cancer  samples  double-labeled  with  VEGFR2  and  cav-1  or 
factor  VIII  antibodies.  We  demonstrated  that  VEGFR2  was 
present  in  both  prostate  cancer  cells  and  some  TAEC,  and 
that  VEGFR2  tended  to  be  colocalized  with  cav-1  in  TAEC 
(Fig.  6A).  Quantitative  analysis  indicated  that  the  percentage 
of  microvessels  containing  VEGFR2 -positive  TAEC  was 
significantly  higher  in  the  cav-l-positive  than  the  cav-1  - 
negative  tumors  (P  =  .002,  Fig.  6B). 


4.  Discussion 


3.4.  Similar  proliferative  rates  in  cav-l-positive 
and  cav-l-negative  TAEC 

The  possibility  that  differences  in  cav-1  expression  in 
TAEC  might  be  related  to  cell  proliferative  rate  led  us  to 
double-label  12  cav-l-negative  tumors  with  cav-1  and 
PCNA  antibodies  and  the  nuclear  dye  DAPI  to  measure 
proliferative  index.  The  median  PCNA  labeling  index  was 
0.26  (range,  0.14  -1.27)  for  cav-l-negative  TAEC  and  0.40 
(range,  0-2.45)  for  cav-l-positive  TAEC  (P  =  .51),  suggest¬ 
ing  that  our  cav-1  findings  were  not  significantly  influenced 
by  the  EC  proliferative  rate. 
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Fig.  5  Comparisons  of  microvessel  cav-1  positivity  within  cav- 
1+  tumor  specimens  (areas  with  cav-1  ~  versus  cav-1 +  cancer  cells) 
and  between  areas  with  cav-1  ~~  or  cav-1 +  cancer  cells  in  cav-1 + 
tumor  species  with  cav-1 _  cancer  specimens.  Top  and  bottom  lines 
of  each  box  denote  75th  and  25  percentile  values,  whereas  the 
middle  line  shows  the  median  value.  Vertical  bars  extend  to  90th 
and  10th  percentiles,  outliers  are  indicated  by  crosses. 


In  a  previous  study  we  demonstrated  that  cav-1  is 
overexpressed  in  focal  clusters  of  prostate  cancer  cells  in 
approximately  30%  human  prostate  cancers,  and  that  the 
presence  of  cav-l-positive  tumor  cells  is  associated  with  a 
poor  survival  [8].  The  relationship  of  cav-1  overexpres¬ 
sion  in  cancer  cells  to  cancer  progression/metastasis  has 
been  suggested  to  involve  multiple  mechanisms,  including 
the  promotion  of  cancer  cells  survival  [35]  and  migration 
[18].  The  quantitative  immunohistochemical  analyses 
reported  here  demonstrate  a  positive  correlation  of  cav-1 
expression  in  prostate  cancer  cells  with  MVD,  suggesting 
that  cav-1  may  play  a  proangiogenic  role  in  human 
prostate  cancer.  In  experimental  cancer  models,  cav-1  has 
been  suggested  both  as  an  antiangiogenic  [36]  and  as  a 
proangiogenic  factor  [33],  depending  on  the  model  system 
used.  Most  in  vitro  studies,  however,  have  shown  that 
cav-1  can  exert  direct  effects  on  cultured  human  EC, 
regulate  EC  growth  and  differentiation  [28,29],  and 
stimulate  capillary  tubule  formation  and  EC  migration 
[30,31].  Positive  association  of  cav-1  levels  and  MVDs 
has  been  reported  in  clear  cell  renal  carcinoma  [11]. 
Consistent  with  these  data,  our  findings  support  a 
proangiogenic  role  for  cav-1  in  human  prostate  cancer. 
Because  increased  angiogenesis  has  been  implicated  in  the 
development  of  prostate  cancer  progression  [37],  we 
suggest  that  the  proangiogenic  activity  of  cav-1  may,  in 
part,  underlie  prostate  cancer  progression/metastasis. 

Our  dual  labeling  technique  enabled  specific  analysis  of 
cav-1  expression  in  TAEC.  By  using  this  technique,  we 
demonstrate  that  vascular  EC  in  healthy  prostate  specimens 
almost  invariably  express  high  levels  of  cav-1  protein.  In 
prostate  cancer  specimens,  however,  a  small  but  increased 
percentage  of  TAEC  does  not  express  cav-1  at  a  level 
detectable  by  immunohistochemical  staining.  Conse¬ 
quently,  the  percentage  of  the  cav-l-positive  TAEC  was 
significantly  lower  in  malignant  as  compared  with  benign 
prostate  specimens.  This  finding  agrees  with  a  recent  study 
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Fig.  6  A,  Double  immunofluorescence  of  VEGFR2  and  cav-1  expression  in  a  cav-1 -positive  cancer  specimen  showed  VEGFR2  was  present 
in  some  EC  (indicated  by  arrows)  in  addition  to  cancer  cells.  The  VEGFR2  (red)  immunoreactivity  was  colocalized  with  cav-1 
immunoreactivity  (green)  in  these  cells  (see  merged  image).  B,  Comparisons  in  the  percentages  of  VEGFR2 -positive  microvessels  between 
cav-1 -positive  and  cav-1 -negative  tumor  specimens. 


demonstrating  a  tumor-associated  cav-1  deficiency  in  liver 
EC  [38]. 

Although  they  account  for  only  a  small  fraction  of  the 
vasculature  of  a  prostate  cancer,  the  cav-1 -negative  micro¬ 
vessels  might  represent  the  most  functionally  active  tumor 
vasculature.  Validation  of  this  hypothesis  will  require 
additional  studies.  However,  this  concept  is  supported  by 
the  observation  that  the  intratumoral  cav-1 -negative  micro¬ 
vessels  often  appear  as  single  cell  “sprouts,”  suggesting  that 
these  formations  are  new  microvessels.  Notably,  cav-1 
deficiency  in  some  TAEC  does  not  appear  to  be  directly 
related  to  EC  proliferation,  as  the  proliferative  activity  of 
these  cells  (as  indicated  by  PCNA  labeling),  was  not 
significantly  different  from  that  of  cav-1 -positive  EC.  The 
factors  leading  to  cav-1  reduction  in  some  TAEC  remain  to  be 
identified.  They  may  involve  molecular  events  associated 
with  EC  sprouting/migration  in  response  to  certain  proangio- 
genic  growth  factors  (Fig.  7),  such  as  VEGFs,  which  is  known 
to  be  produced  by  prostate  cancer  cells  and  has  been  reported 
to  inhibit  cav-1  expression  in  cultured  human  EC  [32]. 
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Fig.  7  Schematic  layout  of  the  possible  mechanisms  for  cav-1  - 
mediated  interaction  between  cancer  cells  and  adjacent  vascular  EC. 
Cav-1  is  overexpressed  in  some  prostate  cancer  cells  and  may  be 
secreted  into  their  microenvironment.  In  collaboration  with  other 
angiogenic  growth  factors  (such  as  VEGF,  transforming  growth 
factor-|3l,  etc)  also  secreted  by  cancer  cells,  cav-1  is  taken  up  by 
newly  formed  vascular  EC  that  otherwise  have  very  low  levels  of 
cav-1.  The  tumor  cells  associated  cav-1  may  thus  regulate  the 
formation,  differentiation,  and  extension  of  the  new  micro  vessels. 
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Another  important  finding  of  this  study  is  the  association 
of  cav-1  expression  in  cancer  cells  with  cav-1  positivity  in 
TAEC.  In  cav-1 -positive  tumors,  there  were  fewer  cav-1  - 
negative  TAEC  than  in  the  cav-1 -negative  tumors.  Moreover, 
within  the  cav-1 -positive  tumors,  TAEC  in  the  regions 
containing  cav-1 -positive  tumor  cells  have  higher  levels  of 
cav-1  than  TAEC  in  regions  where  cancer  cells  lacked  cav-1 
expression.  We  previously  demonstrated  that  prostate  cancer 
cells  can  secrete  cav-1  and  that  the  secreted  protein  can 
promote  prostate  cancer  cell  viability  and  clonal  growth 
under  serum-free  conditions  by  inhibiting  apoptosis  in 
prostate  cancer  cells  [27].  This  activity  is  similar  to  that 
elicited  by  enforced  expression  of  cav-1  within  cells  [25,26]. 
Interestingly,  we  also  detected  higher  levels  of  cav-1  in  the 
sera  of  patients  with  prostate  cancer  than  in  the  sera  of 
healthy  controls  or  men  with  benign  prostatic  hyperplasia 

[39] ,  another  line  of  evidence  that  cancer  cells  secrete  cav-1 
into  their  microenvironment  and  blood  circulation.  More 
recently,  we  showed  that  recombinant  cav-1  protein  is  taken 
up  by  mouse  EC  lacking  the  cav-1  gene,  and  that  cav-1 
protein  uptake  may  enhance  the  migration  of  EC  (Tahir  et  al, 
unpublished  results).  Thus,  the  reduction  of  cav-1 -negative 
TAEC  surrounding  cav-1 -positive  cancer  cells  is  likely  due, 
in  part,  to  EC  uptake  of  cav-1  protein  secreted  by  cancer  cells 
into  the  microenvironment  or  general  circulation  (Fig.  7). 
Thus,  cancer  cell-derived  cav-1  may  affect  cav-1  levels  in 
TAEC.  Through  the  provision  of  cav-1  to  the  small  fraction 
of  highly  active  TAEC  that  are  cav-1  deficient,  the  cav-1  - 
positive  tumors  may  have  an  advantage  over  their  cav-1  - 
negative  counterparts  in  facilitating  some  aspects  of  tumor 
associated  angiogenesis,  and  thereby,  tumor  progression/ 
metastasis. 

The  molecular  mechanism  for  the  cav-1  effect  in 
promoting  angiogenesis  remains  to  be  investigated.  It  has 
been  reported  that  VEGFR2  is  a  critical  mediator  of  VEGF 

[40]  one  of  the  most  potent  proangiogenic  growth  factors  in 
many  types  of  cancer  including  prostate  cancer  [41,42].  The 
stimulation  of  VEGFR2  by  tumor-derived  VEGF  represents 
a  key  event  in  the  initiation  of  tumor-associated  angiogenesis 
and  VEGFR2  is  localized  in  endothelial  caveolae  and 
associated  with  cav-1  [43].  To  test  for  a  possible  role  of 
VEGFR2  in  cav-1 -mediated  angiogenesis,  we  analyzed 
VEGFR2/cav-l  coexpression  in  prostate  cancer  specimens 
by  using  double  antibody  labeling  techniques.  Our  data  show 
that  VEGFR2  is  colocalized  with  cav-1  protein  in  TAEC.  We 
further  demonstrated  that  there  is  a  significantly  higher 
percentage  of  VEGFR2-positive  microvessels  in  the  cav-1  - 
positive  tumors  than  in  cav-1 -negative  tumors  (Fig.  6).  These 
results  suggest  that  cav-1  may  promote  angiogenesis  via 
interaction  with  VEGFR2.  It  has  been  reported  that  cav-1 
interacts  with  VEGFR2  in  endothelial  caveolae  and  plays 
multiple  roles  in  the  VEGF-induced  signaling  cascade  [43]. 
A  further  study  of  cav-1  interaction  with  the  VEGF  signaling 
pathway  in  prostate  cancer  is  warranted. 

The  findings  reported  here  suggest  an  important  biologic 
mechanism  through  which  cav-1  promotes  prostate  cancer 


progression.  The  use  of  our  results  for  clinical  application 
will  require  additional  studies. 
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Abstract 

Caveolin,  a  major  structural  component  of  specialized  plasma 
membrane  invaginations  (caveolae)  that  participate  in  diverse 
cellular  activities,  has  been  implicated  in  the  pathogenesis  of 
several  human  diseases,  including  cancer.  We  showed  in 
earlier  studies  that  caveolin-1  (cav-1)  is  consistently  and 
strongly  overexpressed  in  metastatic  prostate  cancer  and  is 
secreted  in  a  biologically  active  form  by  virulent  prostate 
cancer  cells.  Using  both  in  vitro  and  in  vivo  model  systems, 
we  now  present  evidence  supporting  a  proangiogenic  role  for 
cav-1  in  prostate  cancer  development  and  progression. 
Recombinant  cav-1  (rcav-1)  was  taken  up  by  cav-1  ^ 
endothelial  cells  through  either  a  lipid  raft/ caveolae-  or 
clathrin-dependent  mechanism,  leading  to  specific  angiogenic 
activities  (tubule  formation,  cell  migration,  and  nitric  oxide 
production)  that  were  mediated  by  rcav-1  stimulation  of  the 
PI3K-Akt-eNOS  signaling  module.  Pathologic  angiogenesis 
induced  by  cav-1  in  prostate  cancer-bearing  mice  correlated 
with  an  increased  frequency,  number,  and  size  of  lung 
metastases.  We  propose  that  in  addition  to  its  antiapoptotic 
role,  cav-1  secreted  by  prostate  cancer  cells  functions  critically 
as  a  proangiogenic  factor  in  metastatic  progression  of  this 
tumor.  These  new  insights  into  cav-1  function  in  prostate 
cancer  may  provide  a  base  for  the  design  of  clinically 
applicable  therapeutic  strategies.  [Cancer  Res  2008;68(3):731-9] 

Introduction 

As  essential  components  of  caveolae,  caveolin  proteins  help  to 
generate  and  maintain  these  highly  ordered  structures  at  the  cell 
surface.  They  also  mediated  endocytosis  and  transcytosis  of 
molecules  attached  to  the  cell  surface  and  organize  signaling 
proteins  involved  in  cell  proliferation,  adhesion,  and  migration, 
among  numerous  other  biological  processes  (1).  This  functional 
versatility  has  focused  increasing  attention  on  the  possible  role  of 
caveolins  in  cancer  development  and  progression.  Findings  to  date 
clearly  indicate  that  caveolin-1  (cav-1),  the  first  of  several  caveolin 
family  members  that  differ  in  structure  and  tissue  distribution,  can 
influence  both  tumorigenesis  and  metastatic  spread  in  certain 
types  of  cancer  (2-6),  although  the  mechanisms  of  these  effects  are 
largely  unknown.  We  showed  in  earlier  studies  that  cav-1  is 
consistently  and  strongly  overexpressed  in  metastatic  prostate 
cancer  and  is  secreted  in  a  biologically  active  form  by  virulent 
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prostate  cancer  cells  (2,  3,  7).  Interestingly,  we  detected  signifi¬ 
cantly  increased  serum  cav-1  levels  in  prostate  cancer  patients 
compared  with  control  men  or  men  with  benign  prostatic 
hyperplasia,  and  showed  that  preoperative  serum  cav-1  is  a 
potential  prognostic  marker  for  recurrence  in  radical  prostatecto¬ 
my  cohort  (8,  9).  The  ability  of  some  prostate  cancer  cells  to  secrete 
biologically  active  cav-1  (7,  8),  and  the  demonstration  that  loss  of 
cav-1  function  in  the  TRAMP  transgenic  mouse  prostate  cancer 
model  results  in  highly  significant  reductions  of  prostate  cancer 
growth  and  metastasis  (10),  led  us  to  suspect  that  tumor  cell- 
secreted  cav-1  may  function  as  a  paracrine  factor  during  prostate 
cancer  development,  possibly  as  a  regulator  of  pathologic 
angiogenesis.  The  studies  described  here  substantiate  this  role 
and  suggest  a  paradigm  that  may  be  applicable  to  other  tumors 
that  secrete  cav-1. 

Materials  and  Methods 

Endothelial  cell  isolation.  Endothelial  cells  from  cav-7_/_  mice  (11) 
were  isolated  from  mouse  aorta  according  to  the  primary  explant  procedure 
and  used  throughout  the  study.  Briefly,  the  aorta  was  removed  from  the 
anaesthetized  mice,  placed  in  PBS,  and  carefully  cleaned  of  periadventitial 
fat  and  connective  tissue.  The  vessel  was  then  cut  into  1-mm  pieces,  opened 
longitudinally,  and  placed  with  the  intima  side  down  on  Matrigel-coated 
(BD  Biosciences)  12-well  plates  in  endothelial  cell  growth  medium  (EGM; 
Cambrex)  to  generate  endothelial  outgrowth.  The  aortic  pieces  were 
removed  after  4  to  7  days,  and  the  cells  were  allowed  to  grow  to  confluence. 
After  recovery  with  dispase,  the  cells  were  plated  on  a  12-well  plate  and 
then  subcultured  twice.  The  confluent  monolayers  showed  the  typical 
cobblestone  pattern  of  endothelial  cells  stained  positively  for  uptake  of  Dil- 
Ac-LDL  (Biomedical  Technologies). 

Western  blotting.  Protein  aliquots  from  cell  lysates  were  separated  by 
10%  or  12%  SDS-PAGE  and  transferred  to  nitrocellulose  membranes.  The 
membranes  were  probed  with  antibodies  to  cav-1  (Santa  Cruz  Biotechnol¬ 
ogy),  eNOS,  Erkl/2,  Akt  (BD  Biosciences),  P-Akt,  P-eNOS,  or  P-Erkl/2  (Cell 
Signaling  Technology). 

Recombinant  cav-1  and  Arecombinant  cav-1  purification.  phCav- 
1V5  and  phAcav-lV5His  plasmids  were  constructed  as  described 
previously  (8),  whereas  recombinant  cav-1  (rcav-1)  and  Arcav-1  were 
purified  by  our  modified  procedure.  Briefly,  transfected  293PE  cells  were 
washed  with  PBS  and  lysed  with  10  mL  of  ice-cold  buffer  A  [50  mmol/L 
phosphate  buffer,  300  mmol/L  NaCl,  10  mmol/L  imidazole,  and  5  mmol/L 
mercaptoethanol  (pH.8)]  containing  0.5%  Triton  X-100  and  0.7%  octyl  (3-d- 
glucopyranoside  (OGP).  The  lysate  was  centrifuged  for  15  min  at  4°C, 
12,000  x  g,  and  the  supernatant  was  mixed  and  incubated  with  1  mL  of 
Ni-NTA  agarose  slurry  for  3  h.  The  resultant  mixture  was  loaded  on  to  a 
10  mL  polyprep  column  (Bio-Rad),  and  the  resin  was  washed  with  10 
volumes  of  buffer  A  containing  500  mmol/L  NaCl,  50  mmol/L  imidazole, 
and  0.2%  OGP.  The  bound  cav-l-V5-His  was  eluted  with  3  mL  of  elution 
buffer  (buffer  A  containing  300  mmol/L  imidazole,  300  mmol/L  NaCl,  and 
0.1%  OGP).  For  Western  blot  analysis,  the  crude  supernatant  as  well  as 
unbound  and  eluted  fractions  were  subjected  to  SDS-PAGE.  FITC  labeling 
of  recombinant  cav-1  proteins  was  prepared  with  the  EZ-label  FITC 
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protein  labeling  kit  (Pierce  Biotechnology,  Inc.)  according  to  the 
manufacturer’s  instructions. 

Tubule  formation  assay.  The  in  vitro  tubule  formation  assay  was  used 
as  described  previously  (12).  Briefly,  endothelial  cells  were  incubated  in 
growth  factor-reduced  Matrigel-coated  24-well  plates  in  0.5  mL  of 
endothelial  basement  medium  (EBM;  Cambrex)  in  the  presence  or  absence 
of  rcav-1  or  Arcav-1.  Images  of  tubule  structures  that  formed  after  18  to 
24  h  were  captured  by  phase  contrast  microscopy,  and  the  length  of  the 
endothelial  network  was  quantified  by  image  analysis  of  five  low-power 
fields  using  free  object  quantification  software  (NucleoTech  Corp.). 

Wound-healing  migration  assay.  Endothelial  cells  were  cultured  in  24- 
well  plates  to  70%  to  80%  confluency  in  EGM,  and  a  straight  longitudinal 
incision  was  made  on  the  monolayer.  After  a  wash  with  EBM  and 
incubation  with  rcav-1  or  Arcav-1  in  EBM  containing  0.1%  bovine  serum 
albumin  (BSA)  for  4  h  followed  by  an  additional  48  h  of  incubation  in  EBM 
containing  2%  of  fetal  bovine  serum  (FBS),  the  cells  were  stained  with  the 
Protocol  HEMA3  stain  set  (Biochemical  Sciences,  Inc.),  and  the  number  of 
cells  migrating  into  the  cleared  area  were  counted  with  a  microscope,  using 
advanced  colony  counting  software  (NucleoTech  Corp.). 

Cell  proliferation  and  [3H] -thymidine  incorporation.  Endothelial 
cells  were  seeded  into  12-well  plates  (5  x  104  cells  per  well)  and  incubated 
overnight.  After  the  medium  was  removed,  the  cells  were  treated  with  rcav- 
1  in  EBM  for  4  h  and  incubated  for  an  additional  48  h  in  EBM  containing 
2%  FBS,  after  which  they  were  trypsinized  and  counted  with  a  coulter 
counter.  For  [3H] -thymidine  uptake,  the  endothelial  cells  were  seeded  into 
96-well  plates  (2.5  x  103  cells  per  well)  in  EGM  then  treated  with  rcav-1  and 
incubated  for  48  h  in  EGM.  [3H] -thymidine  (5  pCi/mL)  was  then  added,  the 
cells  were  incubated  for  24  h,  and  the  cell  lysate-associated  radioactivity 
was  counted. 

Nitric  oxide  determination.  The  basal  and  rcav-1  stimulated  NO 
derived  from  endothelial  cells  that  had  accumulated  in  EBM  over  a  24-h 
period  was  measured  with  the  Nitric  Oxide  Colorimetric  Assay  (Roche 
Diagnostics). 

PP1  and  PP2A  activities.  Endothelial  cells  were  treated  with  rcav-1  and 
incubated  in  EBM  containing  0.1%  BSA  for  24  h  at  37  °C  and  5.5%  C02. 
The  cells  were  lysed  with  ice-cold  phosphatase  lysis  buffer,  and  PP1  and 
PP2A  activities  were  measured  after  immunoprecipitation  as  described 
previously  (13). 

Animal  models.  Orthotopic  RM-9  tumors  were  generated  by  injecting 
5  x  103  cells  directly  into  the  dorsolateral  prostates  of  cav-l+/+  or  cav-l~/~ 
male  mice.  The  resultant  tumors  were  removed  at  necroscopy  on  day  21 
postinjection,  and  their  wet  weight  were  determined;  all  tumors  were 
processed  for  specific  immunostaining  protocols  (see  below). 

To  generate  the  LNCaP  cav-1  tet-on  system,  we  transfected  cav-l  /  low 
passage  (LP)-LNCaP  cells  with  pTetOn  vector  (Clontech),  isolated  stable 
G418-resistant  clones,  and  screened  them  in  a  transient  trasfection  reporter 
assay  with  pTRE2Luc  vector  according  to  the  manufacturer’s  protocol  with 
or  without  1  pg/mL  doxycycline.  Clone  LNT36,  which  had  the  highest 
induction  level,  was  chosen  for  the  second  cotransfection,  in  which  a 
pTRECav-1  vector  containing  full-length  human  cav-1  cDNA  and  the 
pBabeHygro  plasmid  were  used.  Double  stable  G418-  and  hygromycin- 
resistant  clones  were  isolated  and  tested  for  cav-1  induction  in  response  to 
the  doxycycline  (1.0  pg/mL).  Clone  LNTB25cav,  which  showed  strong 
induction  of  cav-1  after  addition  of  doxycycline  to  the  medium  and  the 
lowest  endogenous  expression  in  the  absence  of  the  drug  in  vitro,  was  used 
for  further  in  vivo  studies. 

To  establish  xenografts,  we  inoculated  male  nude  mice  with  LNTB25cav 
cells  that  were  suspended  in  Matrigel  matrix  and  injected  s.c.  Tumors  were 
present  21  days  after  inoculation,  and  tumor-bearing  mice  were  divided  into 
two  groups  that  were  normalized  for  tumor  size.  One  group  was  treated 
with  drinking  water  containing  doxycycline  (2  mg/mL)  and  5%  sucrose, 
whereas  the  other  (control  group)  was  treated  with  drinking  water 
containing  only  5%  sucrose.  After  21  days,  the  animals  were  sacrificed, 
and  the  tumor  tissues  were  harvested  and  either  snap  frozen  in  liquid 
nitrogen  or  fixed  in  10%  neutral  formalin. 

For  the  in  vivo  metastasis  assay,  1  x  106  LNTB25cav  cells  were  injected 
into  the  tail  veins  of  male  nude  mice  to  establish  experimental  metastases. 


Two  months  after  the  initial  injection,  the  mice  were  divided  into  two 
groups:  one  was  treated  with  drinking  water  containing  doxycycline  (2  mg/ 
mL)  and  5%  sucrose  and  the  other  (control  group)  with  drinking  water 
containing  only  5%  sucrose.  After  a  42-day  treatment,  the  animals  were 
sacrificed  and  lung  tissue  was  collected,  fixed,  and  analyzed  for  tumor  foci. 

Immunohistochemistry  and  deconvolution  microscopy.  Depending 
on  the  fluorescent  protein  treatment,  LNCaP,  PC-3,  and  TSU-Prl  tumor  cells 
or  endothelial  cells  were  placed  on  glass  coverslips  in  24-well  plates  and 
incubated  overnight  in  RPMI  1640  or  EGM,  respectively.  After  removal  of 
the  medium,  the  cells  were  washed  twice  with  PBS  buffer,  then  FITC-rcav-1, 
FITC- Arcav-1,  Alexa  fluor  594-labeled  cholera  toxin  B,  and  transferrin 
(Invitrogen)  were  added  to  medium  that  contained  0.1%  BSA.  The  cells  were 
incubated  for  5  h,  rinsed  twice  with  PBS  buffer,  and  fixed  in  4% 
formaldehyde  for  5  min  at  room  temperature. 

For  immunostaining,  fixed  cells  were  permeabilized  for  5  min  with  0.1% 
Triton  X-100  in  PBS  buffer  and  blocked  with  3%  normal  horse  or  goat 
serum.  They  were  then  incubated  with  primary  antibody  followed  by 
biotinylated  anti-rabbit  IgG  (Vector  Labs)  and  rhodamine-conjugated 
streptavidin  or  FITC-streptavidin  (Jackson  Immuno  Research).  Reactions 
were  evaluated  with  the  Delta  Vision  Deconvolution  Microscopy  System 
(Applied  Precision,  Inc.),  in  which  a  Z-series  of  optical  sections  (0.15-pm 
steps)  were  digitally  imaged  and  deconvolved  with  the  Delta  Vision- 
constrained  iterative  algorithm  to  generate  high-resolution  images. 

Mouse  model-derived  tumor  specimens  were  stained  for  CD31  (BD 
Biosciences)  using  the  avidin-biotin-peroxidase  complex  technique  (ABC 
kit;  Vector  Lab)  as  previously  described  (14).  Quantitative  analysis  of 
microvessel  density  was  performed  on  the  stained  sections.  The  vascular 
“hot  region”  was  first  identified  by  low-power  screening  (magnification, 
x40).  Vascular  counting  was  then  performed  on  at  least  five  200  x 
measuring  fields  (each  with  a  real  area  of  0.198  mm2).  For  each  sample,  the 
highest  count  per  field  was  used. 

Dual-immunofluorescence  staining  was  also  performed  on  these  tissues. 
Briefly,  after  tissue  sections  were  deparaffinized  and  rehydrated  through 
graded  alcohol,  they  were  heated  in  0.01  mol/L  citrate  buffer  at  pH  6.0  by 
microwave  for  10  min  to  enhance  antigen  retrieval.  After  a  20-min  blocking 
step  with  1.5%  normal  goat  serum,  the  sections  were  sequentially  incubated 
with  polyclonal  cav-1  antibody  diluted  1:200  for  90  min,  followed  by 
biotinylated  anti-rabbit  IgG  and  streptavidin-FITC  for  30  min  each.  The 
sections  were  rinsed  and  reblocked  in  1.5%  normal  horse  serum  for  20  min 
and  incubated  in  CD31  rat  monoclonal  antibody  followed  by  Cy-3- 
conjugated  anti-rat  IgG  for  30  min.  The  specificity  of  immunoreactions  was 
verified  by  replacing  the  primary  antibodies  with  PBS  or  with 
corresponding  normal  serum.  The  labeled  specimens  were  evaluated  using 
a  Zeiss  fluorescence  microscope  equipped  with  a  video  camera  (Hama¬ 
matsu).  Each  section  was  analyzed  systematically,  field-by-field  (300  x 
400  pm2),  over  the  area  of  cancer  cells.  The  percentages  of  cav-1 -positive 
CD31  micro  vessels  were  determined  for  each  field  for  each  fluorophore  and 
on  superimposed  images  of  both  fluorophores  with  the  aid  of  OPTIMAS 
(6.0)  software. 

Statistical  analysis.  The  Mann-Whitney  rank  test  was  used  to  analyze 
differences  in  microvessel  density  within  mouse  prostate  cancer  tissues; 
comparisons  of  in  vitro  tubule  formation,  cell  migration,  phosphatase 
activity  assay,  NO  release  assay,  and  RM-9  tumor  wet  weights  relied  on  the 
unpaired  two-sided  t  test.  Fisher’s  exact  test  was  used  for  the  comparison  of 
the  metastasis  frequency  in  LNTB25cav-injected  mice.  All  statistical 
analyses  were  performed  with  Statview  software  (Version  5.0;  SAS  Institute). 

Results 

Cav-1  uptake  by  prostate  cancer  cells  and  endothelial  cells. 

We  have  shown  that  prostate  cancer  cells  secrete  cav-1  possessing 
antiapoptotic  activity  that  can  be  suppressed  by  cav-1 -specific 
antiserum  in  vitro  (7).  Such  antiserum  also  suppressed  metastasis 
in  vivo,  raising  the  possibility  that  secreted  cav-1  is  taken  up  by 
tumor  cells  or  tumor-associated  endothelial  cells  or  both.  Thus, 
we  treated  cav-1 -negative  LP-LNCaP  tumor  cells  or  primary 
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endothelial  cells,  isolated  from  cav-l~/~  mouse  aorta,  with 
conditioned  medium  collected  from  cav-1 -transfected  LP-LNCaP 
cells  or  with  rcav-1  alone.  Western  blot  analysis  showed  that  cav-1 
contained  in  conditioned  medium  was  taken  up  by  LP-LNCaP 
cells  in  a  dose-  and  time-dependent  manner,  as  indicated  by  the 
appearance  of  cav-1  in  cell  lysates  within  1  h  and  the  achievement 
of  maximal  intracellular  levels  3  h  posttreatment  (Fig.  L4).  Rcav-1 
protein  was  also  taken  up  by  the  LP-LNCaP  cells  and 
endothelial  cells  in  a  dose-dependent  fashion  over  a  24-h 
incubation  period  (Fig.  IB  and  C).  Rcav-1  uptake  by  tumor  cells 
(LP-LNCaP,  TSU-Prl,  and  PC-3)  and  endothelial  cells  [human 
umbilical  vascular  endothelial  cell  (HUVEC),  and  mouse  cav-1 _/_ 
and  cav-l+/+ ]  was  further  shown  by  fluorescence  and  deconvolu¬ 
tion  microscopy.  FITC-rcav-1  uptake  by  these  cells  was  temper¬ 
ature  dependent,  with  5  h  of  incubation  at  0°C,  abolishing  uptake 
altogether  (data  not  shown).  Internalized  FITC-rcav-1  was 
distributed  throughout  the  cytoplasm  (Fig.  1 D). 

Lipid  raft/caveolae-dependent  and  clathrin-dependent 
endocytic  pathways  are  involved  in  rcav-1  internalization  in 
endothelial  cells.  To  determine  the  endocytic  pathways  respon¬ 
sible  for  rcav-1  internalization,  we  pretreated  HUVEC  and  cav-l+/+ 
or  cav-1 mouse  endothelial  cells  with  methyl- |3-cyclodextrin 
(MCD)  or  chlorpromazine  to  disrupt  the  formation  of  cholesterol- 
rich  raft  microdomains  or  clathrin-coated  pits,  respectively. 
Fluorescence  microscopy  revealed  that  MCD  effectively  inhibited 


FITC-rcav-1  uptake  in  both  types  of  endothelial  cells,  whereas 
chlorpromazine  inhibited  FITC-rcav-1  uptake  effectively  in  mouse 
endothelial  cells  but  only  marginally  in  HUVEC  (Fig.  2 A).  Under 
the  same  conditions,  MCD  effectively  reduced  the  uptake  of 
cholera  toxin  B,  whereas  chlorpromazine  reduced  the  uptake  of 
transferrin  substances  known  to  penetrate  cells  through  choles¬ 
terol-rich  lipid  raft  and  clathrin  endocytic  pathways,  respectively 
(Fig.  2 B).  These  results  indicate  that  internalization  of  exogenous 
rcav-1  proceeds  through  lipid  raft/caveolae  and  clathrin  pathways 
in  both  HUVEC  and  mouse  endothelial  cells,  with  the  former 
pathway  dominant  in  HUVEC  (Fig.  2 A,  left).  To  directly  show  that 
rcav-1  associates  with  internalized  lipid  rafts/caveolae  to  enter 
endothelial  cells,  we  incubated  HUVEC  for  5  h  with  a  mixture  of 
FITC-rcav-1  and  cholera  toxin  B  and  tested  for  their  cellular 
colocalization.  We  found  that  a  majority  (76%)  of  the  FITC-rcav-1- 
positive  endosomes  also  contained  cholera  toxin  B  (Fig.  2C), 
indicative  of  a  requirement  for  caveolae  and  ganglioside  GM1  lipid 
rafts  in  cav-1  penetration  of  human  endothelial  cells. 

Internalization  of  rcav-1  is  mediated  by  cav-1  scaffolding 
domain.  Mutagenesis  experiments  have  identified  cav-1  scaf¬ 
folding  domain  (CSD)  residues  82  to  101  as  the  region 
responsible  for  mediating  interactions  with  a  number  of 
signaling  proteins  including  the  endothelial  form  of  nitric  oxide 
synthase  (eNOS),  platelet-activating  factor  receptors,  epidermal 
growth  factor,  the  kinases  Src  and  Fyn,  heterotrimeric  G  protein, 
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Figure  1.  Cav-1  uptake  by  prostate  cancer  and  bladder  cancer  cells  and  endothelial  cells.  A,  dose-  and  time-dependent  uptake  of  cav-1  from  cav- 1  -transfected  (+) 
or  control-transfected  (-)  conditioned  medium  (CM)  by  LP-LNCaP  cells.  Top,  detection  of  cav-1  after  a  24-h  treatment  with  conditioned  medium  over  a  range  of 
volumes;  bottom,  detection  after  1  to  24  h  of  treatment  with  250  |aL  conditioned  medium.  B  and  C,  dose-dependent  rcav-1  uptake  by  LP-LNCaP  tumor  cells  ( B ) 
and  cav-1~f~  endothelial  cells  (EC;  C)  treated  for  24  h.  D,  internalization  of  FITC-rcav-1  by  cancer  cells  (top)  and  endothelial  cells  (middle)  treated  with  3.0  |ag/mL 
of  FITC-rcav-1  for  5  h.  Uptake  by  endothelial  cells  (cav-U/_  endothelial  cells  and  HUVEC)  were  imaged  by  deconvolution  microscopy  after  treatment  with  FITC-rcav-1 
(bottom)]  nuclei  were  visualized  by  Hoechst  33342  staining. 
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Figure  2.  Internalization  of  rcav-1  by  lipid  raft/caveolae-dependent  and  clathrin-dependent  endocytic  pathways.  A,  cells  were  incubated  with  FITC-rcav-1  (3.0  i-ig/mL)  in 
the  presence  or  absence  of  7.5  |ag/mL  of  chlorpromazine  (CPZ)  or  7  mmol/L  MCD  for  5  h  and  analyzed  by  fluorescence  microscopy.  B,  cholera  toxin  B  ( Ctx  B)  and 
transferrin  internalization  are  blocked  by  MCD  and  chlorpromazine,  respectively.  HUVEC  cells  were  incubated  with  Alexa  fluor  594-labeled  cholera  toxin  B  and 
transferrin  containing  the  same  MCD  and  chlorpromazine  concentrations  as  in  A  for  5  h  and  analyzed  by  fluorescence  microscopy.  Cholera  toxin  B  internalization 
was  impaired  by  cholesterol  depletion  (MCD  treatment),  whereas  transferrin  uptake  was  blocked  by  disruption  of  clathrin-coated  pits  (chlorpromazine  treatment). 

C,  colocalization  of  internalized  FITC-rcav-1  with  cholera  toxin  B,  a  ganglioside  GMi  lipid  raft/caveolae  marker,  as  detected  by  deconvolution  microscopy  of  HUVEC 
cells  after  the  incubation  for  5  h  with  FITC-rcav-1  and  Alexa  fluor  594-labeled  cholera  toxin  B;  nuclei  were  visualized  by  Hoechst  33342  staining. 


and  cholesterol-binding  protein  (15).  This  domain  also  targets 
the  full-length  endogenous  cav-1  to  lipid  rafts/caveolae  and  cell 
membranes  (16).  To  determine  the  role  of  the  CSD  in  exogenous 
rcav-1  membrane  attachment  and  cellular  uptake,  we  generated 
and  purified  the  CSD-deleted  rcav-1  protein  (Arcav-1),  treated 
endothelial  cells  and  prostate  cancer  cells  with  different 
concentrations  of  FITC- Arcav-1  over  1  to  6  h,  and  examined 
the  cells  for  Arcav-1  uptake  using  fluorescence  microscopy.  We 
did  not  detect  internalized  FITC- Arcav-1  in  cells  incubated  for 
as  long  as  6  h  at  concentrations  of  the  mutant  protein  ranging 
to  5.0  pg/mL  (Fig.  2A).  In  separate  coincubation  experiments,  we 
showed  uptake  of  cholera  toxin  B  or  transferrin  under  the  same 
conditions  (data  not  shown).  These  observations  suggest  that 
endocytosis  of  exogenous  rcav-1  protein  and  its  subsequent 
stimulation  of  angiogenic  activities  is  mediated,  in  part,  by  CSD, 
which  seems  critical  for  cellular  internalization  of  the  protein. 

Rcav-1  stimulates  differentiation  and  migration  of  cav-1 
endothelial  cells.  We  initially  analyzed  the  formation  of  tubules  by 
endothelial  cells,  isolated  from  cav-l+/+  or  cav-1 aorta,  on 
growth  factor-reduced  Matrigel.  Compared  with  cav-l+/+  endothe¬ 
lial  cells,  cells  lacking  this  gene  showed  significantly  reduced  tubule 
formation  in  the  absence  of  rcav-1  stimulation  (Fig.  3A;  micro¬ 
graphs).  However,  treatment  with  rcav-1  stimulated  tubule 
formation  in  cav-l~/~  endothelial  cells  in  a  dose-dependent 
manner  with  a  >2-fold  increase  in  tubule  length  observed  with 
use  of  1.5  pg/mL  rcav-1  compared  with  untreated  controls  ( P  = 


0.021).  Importantly,  Arcav-1  at  this  concentration  failed  to 
stimulate  tubule  formation  (Fig.  3 A).  To  determine  the  effects  of 
rcav-1  on  cav-l~/~  endothelial  cell  migration,  we  used  the  in  vitro 
wound-healing  assay.  Rcav-1  treatment  stimulated 
endothelial  cell  migration  in  a  dose-dependent  fashion  with  a 
2-fold  increase  in  the  number  of  migratory  cells  at  a  rcav-1 
concentration  of  1.5  pg/mL  (P  =  0.019),  whereas  Arcav-1  at  this 
concentration  failed  to  increase  migration/motility  of  the  endo¬ 
thelial  cells  (Fig.  3 B).  This  enhancement  of  tubule  formation  and 
the  number  of  migratory/motile  cells  by  rcav-1  treatment  did  not 
result  from  increased  cell  proliferation,  as  the  numbers  of  cells  or 
levels  of  thymidine  uptake  posttreatment  were  similar  to  the 
results  for  untreated  controls  (data  not  shown). 

Rcav-1  stimulates  the  angiogenic  activities  in  cav-1 -/ 
endothelial  cells  through  the  activation  of  eNOS.  Caveolae 
and  cav-1  play  critical  roles  in  ensuring  the  coupling  between 
vascular  endothelial  growth  factor  (VEGF)  receptors  and  down¬ 
stream  mediators  of  angiogenesis,  such  as  VEGF,  which  activates 
Erk  and  eNOS  via  the  phosphatidylinositol-3-kinase  (PI3-K)-Akt 
signaling  pathway  (17-19).  Thus,  to  assess  the  contribution  of  this 
signaling  module  to  the  angiogenic  activities  of  rcav-1,  we  tested 
the  effects  of  inhibitors  of  PI3  kinase  (LY294002),  eNOS  (L-NAME), 
and  Erk  (PD98059)  in  cav-l~/~  endothelial  cells.  Figure  3C  and  D 
shows  that  both  LY294002  and  L-NAME,  but  not  PD98059, 
significantly  suppressed  rcav-1 -stimulated  angiogenesis,  implicat¬ 
ing  PI3-K-Akt-eNOS  signaling  in  the  pathologic  angiogenic  effects 
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of  cav-1  in  prostate  cancer  cells.  To  investigate  this  possibility 
further,  we  measured  the  levels  of  accumulated  NO  (NO2  +  NO3 )  at 
24  h  after  rcav-1  treatment  of  endothelial  cells.  NO  release 

by  these  cells  was  significantly  increased  by  rcav-1  in  a  dose- 
dependent  manner  ( P  =  0.029  versus  untreated  control;  Fig.  4 A, 
left).  Analysis  of  the  effects  of  rcav-1  on  the  phosphorylation  status 
of  Akt  and  its  downstream  target  protein  eNOS  in  cclv-1~/~ 
endothelial  cells  showed  a  dose-dependent  increase  in  Akt 
phosphorylation  on  S473  and  T308  with  no  change  in  total  Akt. 
Rcav-1  treatment  also  led  to  increased  eNOS  phosphorylation  on 
SI  177  but  not  T495  (Fig.  4 A,  right).  The  CSD-deleted  rcav-1  failed  to 
stimulate  eNOS  SI  177  phosphorylation,  as  expected  (Fig.  4 B,  top). 
We  also  tested  the  effect  of  LY294002  on  the  rcav-1 -induced 
phosphorylation  of  Akt  (T308)  and  eNOS  (SI  177)  in  cav-l~/~ 
endothelial  cells.  As  expected,  LY294002  treatment  of  the  cells 
diminished  the  observed  Akt  phosphorylation  induction  by  rcav-1. 


Interestingly,  the  phosphorylation  of  eNOS  (SI  177)  induced  by 
rcav-1  was  reduced  but  not  completely  diminished  as  a  result  of 
LY294002  treatment  (Fig.  4 B,  bottom). 

To  further  investigate  the  mechanism(s)  that  underlies  rcav-1  - 
stimulated  eNOS  activation,  we  tested  the  effect  of  rcav-1  on  the 
activities  of  serine/threonine  protein  phosphatases  PP1  and  PP2A 
in  cav-l~/-  endothelial  cells.  These  two  phosphatases  are  known  to 
regulate  the  phosphorylation  of  multiple  protein  targets  including 
Akt  and  eNOS  (20,  21)  and  are  inhibited  by  cav-1  overexpression 
in  prostate  cancer  cells  (13).  The  activation  of  eNOS  by  a  number 
of  stimuli  including  VEGF  involves  a  transient  increase  in  the 
phosphorylation  of  SI  177  with  a  decrease  in  T495  phosphorylation, 
alternatively,  protein  kinase  C  signaling  inhibits  eNOS  activity  by 
phosphorylating  T495  and  dephosphorylating  SI  177.  Both  PP1  and 
PP2A  are  associated  with  eNOS  phosphorylation.  PP1  is  specific  for 
dephosphorylation  of  T495,  whereas  PP2A  is  specific  for  SI  177 


Cav-1  ~^~EC  Cav-1+/+ EC 


control  Q.5  1.0  1.5  1.5  Mg/m! 

Rcav*1  AR  cav-1 


Rcav-1  {jjg/ml)  Control  1.0  1.0  1.0  1.0  Rcav-1  {ng/ml)  Contra!  1.0  1.0  1.0  1.0 

Inhibitors  -  -  LY  L-NAME  PD  Inhibitors  -  -  LY  L-NAME  PD 


Figure  3.  Rcav-1  stimulates  tubule  formation  and  cell  migration  in  cav-Vy~  endothelial  cells.  A,  representative  micrographs  showing  newly  formed  tubules  of 
cav-1+/+  and  cav-1~ /_  endothelial  cells  cultured  on  growth  factor-reduced  Matrigel  under  basal  conditions  or  after  treatment  with  0.5  to  1.5  |ag/mL  of  rcav-1  and 
1.5  Mg/mL  Arcav-1  for  18  h.  Bar  graph  depicts  dose-dependent  rcav-1  or  Arcav-1  stimulation  of  tubule  formation  in  cav-1  7  endothelial  cells.  The  values  are  folds 
of  induction  relative  to  untreated  control  ±  SD  of  three  independent  experiments.  *,  P  =  0.02  versus  untreated  control  by  two-sided  t  test.  B,  dose-dependent  rcav-1 
or  Arcav-1  stimulation  of  cav-V /_  endothelial  cell  migration  in  a  wound-healing  assay.  The  values  are  folds  of  induction  relative  to  untreated  control  ±  SD  of  three 
independent  experiments.  *,  P  =  0.0193  versus  untreated  control  by  two-sided  t  test.  C,  inhibition  of  rcav-1 -stimulated  tubule  formation  by  LY294002  ( LY ;  3.0  ^mol/L) 
or  L-NAME  (1.0  mmol/L)  but  not  by  PD98059  (PD;  50  |amol/L)  in  cav-1  7  endothelial  cells.  *,  P  =  0.008;  **,  P  =  0.003  versus  rcav-1  treated  only.  D,  inhibition  of 
rcav-1 -stimulated  wound-healing  assay  cell  migration  by  LY294002  (3.0  |amol/L)  or  L-NAME  (1 .0  mmol/L),  but  not  by  PD98059  (50  i-imol/L)  in  cav-1  /_  endothelial  cells. 
*,  P  =  0.01 1 ;  **,  P  =  0.005  versus  rcav-1  treated  only,  by-two  sided  t  test.  Bar  graphs  in  C  and  D  represent  tubule  length  relative  to  untreated  controls  and  the  number  of 
migratory  cells  relative  to  untreated  controls,  respectively.  Columns,  mean;  bars,  SD. 
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Figure  4.  Rcav-1  is  involved  in  PI3-K-Akt-eNOS-mediated  stimulation  of  angiogenic  activities  in  cav-1~y~  endothelial  cells.  A,  dose-dependent  NO  release  by 
cav-1~y~  endothelial  cells  after  rcav-1  treatment.  Columns,  mean;  bars,  SD.  *,  P  =  0.029  versus  untreated  control,  by  two-sided  t  test  (left).  Increased  phosphorylation 
of  Akt  on  S473  and  T308,  and  of  eNOS  on  S1 177  by  Western  blot  analysis  of  cav-1 endothelial  cells  lysates  treated  for  24  h  with  different  concentrations  of  rcav-1 
(right).  B,  Arcav-1  treatment  of  cav-1~y  endothelial  cells  for  24  h  does  not  affect  the  phosphorylation  status  of  eNOS  on  S1 177,  but  rcav-1  increases  eNOS 
phosphorylation  on  S1 177  in  a  dose-dependent  fashion  (top).  Treatment  of  cav-V endothelial  cells  with  LY29400  abolishes  the  rcav-1 -induced  Akt  phosphorylation 
on  T308  and  reduces,  but  does  not  completely  eliminate,  the  eNOS  phosphorylation  on  S1 177  induced  by  rcav-1  (bottom).  C,  rcav-1  inhibits  the  activity  of  PP2A 
but  not  PP1  in  cav-1  endothelial  cells.  PP1-C  or  PP2A-C  immunprecipitation  complexes  from  rcav-1 -treated  cav-1~y~  endothelial  cells  or  untreated  controls 
were  used  to  determine  phosphatase  activities  with  the  serine/threonine  protein  phosphatase  assay.  Columns,  mean;  bars,  SD.  *,  P  =  0.0002  by  two-sided  t  test. 
D,  induction  of  eNOS/Akt  association  by  rcav-1.  Cav-1  7  endothelial  cells  were  cultured  for  6  h  in  the  presence  or  absence  of  rcav-1.  After  fixation,  the  cells  were 
double-labeled  with  anti-eNOS  and  anti-Akt  immunofluorecence.  In  untreated  cells,  eNOS  (red)  and  Akt  (green)  were  localized  to  separate  compartments  (top), 
whereas  rcav-1  protein  treatment  of  the  cells  for  6  h  induced  eNOS  (red)  and  Akt  (green)  colocalization  in  cytoplasmic  vesicles  (bottom),  as  visualized  by  deconvolution 
microscopy. 


dephosphorylation  (21).  The  results  showed  that  rcav-1  treatment 
significantly  inhibited  the  activity  of  PP2A  but  had  no  effect  on  PP1 
activity  ( P  =  0.0002  versus  control;  Fig.  4 C).  These  data  provide 
evidence  that  rcav-1  induces  eNOS  phosphorylation  through  Akt 
activation,  and  independently  of  Akt,  through  inhibition  of  PP2A, 
which  specifically  dephosphorylates  eNOS  (SI  177). 

A  number  of  studies  have  shown  that  both  eNOS  and  PI3  kinase 
are  colocalized  within  the  caveolar  region  of  the  plasma  membrane 
(22,  23);  therefore,  we  investigated  the  role  played  by  cav-1  in 
compartmentalization  of  the  PI3-K-Akt-eNOS  signaling  pathway 
molecules  in  endothelial  cells.  We  incubated  the  cells  with 

or  without  rcav-1  for  5  h  and  visualized  the  cells  by  deconvolution 
microscopy  for  colocalization  of  Akt  with  eNOS.  We  found  that  Akt 
was  not  colocalized  with  eNOS  in  untreated  cells,  whereas 
significant  colocalization  of  the  two  molecules  was  observed  in 
the  cells  treated  with  rcav-1  (Fig.  AD). 

Rcav-1  uptake  in  tumor-associated  endothelial  cells  and 
proangiogenic  activities  in  prostate  cancer  animal  models.  To 
investigate  the  effects  of  endothelial  cells-localized  cav-1  on 
microvessel  density  and  tumor  growth  in  vivo,  we  used  an 


orthotopic  RM-9  mouse  prostate  cancer  model  (24),  in  which 
cav-1  expressing  and  secreting  RM-9  prostate  cancer  cells  are 
injected  directly  into  the  dorsolateral  prostate  of  male  cav-l+/+  or 
cav-l~/~  mice.  In  this  model,  the  mean  (1.85  ±  0.167)  tumor  wet 
weight  was  significantly  higher  in  cav-l+/+  versus  cav-l~/~  mice 
{P  -  0.045;  Fig.  5 A).  Moreover,  immunohis  to  chemical  analysis  of 
tumor  sections  collected  from  sacrificed  mice  showed  that  RM-9 
tumors  had  significantly  higher  microvessel  densities  in  cav-l+/+ 
compared  with  cav-l~/~  hosts  [median,  21.5  (range,  15.6-36.1) 
versus  13.3  (range,  8.2-22.8;  P  =  0.0078);  Fig.  5 B  and  C]. 
Interestingly,  >70%  of  the  CD31+  microvessels  in  the  cav-l-^ 
mouse  tumor  sections  were  positive  for  cav-1  staining,  indicating 
uptake  of  RM-9  cell-derived  cav-1  by  tumor-associated  endothelial 
cells  (Fig.  5 D,  arrows). 

We  examined  the  association  between  cav-1  expression  and 
prostate  tumor-associated  angiogenesis  more  closely  by  generating 
an  LNCaP  tet-on  cav-1  stable  cell  line  (LNTB25cav)  in  which  the 
expression  of  cav-1  can  be  regulated  by  manipulating  doxycycline. 
In  the  absence  of  doxycycline,  the  level  of  cav-1  protein  in  lysate  is 
low,  whereas  the  addition  of  doxycycline  to  the  culture  medium 
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leads  to  a  rapid  induction  of  cav-1  protein  in  vitro  (Fig.  6A). 
LNTB25cav  tumors  were  established  as  s.c.  growing  xenografts  in 
adult  male  nude  mice;  tumor-bearing  mice  were  then  treated  with 
either  doxycycline  or  control  sucrose  solution  added  to  the  drinking 
water.  Tumor  volumes  in  the  doxycycline-treated  group  were 
significantly  greater  than  those  in  the  control  group  on  days  12,  15, 
and  18  after  treatment  ( P  =  0.0195,  P  =  0.035,  P  =  0.019,  respectively; 
Fig.  6A).  Further  immunohistochemical  analysis  showed  increased 
cav-1  levels  in  the  cytoplasm  of  tumor  cells  in  doxycycline-treated 
compared  with  control  mice  (Fig.  6 B,  top).  Microvessel  densities 
determined  by  CD31  labeling  were  greater  in  cav-1 -induced  tumors 
compared  with  controls  (P  =  0.039;  Fig.  6 B,  bottom ;  Fig.  6 C). 
In  separate  experiments,  we  injected  1  x  106  LNTB25cav  cells  into 
the  tail  veins  of  nude  mice  to  establish  experimental  lung 
metastases.  After  42  days  of  continuous  treatment,  the  number 
and  frequency  of  lung  metastases  in  doxycycline-treated  animals 
significantly  exceeded  results  in  the  control  group  (P  =  0.008  and 
0.04,  respectively;  Fig.  6 D)  and  their  average  size  was  clearly  larger 
in  doxycycline-treated  mice  (data  not  shown). 

Discussion 

The  establishment  of  prostate  cancer  metastases  involves  the 
successful  negotiation  of  multiple  endogenous  physiologic  barriers, 
survival  during  transit  through  the  blood  or  lymphatic  stream,  and 


colonization  at  distant  sites.  The  growth  and  metastasis  of  prostate 
cancer  and  other  tumors  is  dependent  on  the  induction  of  new 
blood  vessels  from  preexisting  ones  through  angiogenesis  (25,  26). 
Cav-1  has  been  implicated  in  the  regulation  of  endothelial  cells 
proliferation,  differentiation,  and  stabilization  (6,  17,  27,  28).  In  a 
study  using  Lewis  lung  carcinoma  cells  animal  cancer  model,  cav-1 
was  found  to  be  antiangiogenic  factor  (29).  In  contrast,  the  results 
of  a  number  of  studies  including  this  report  have  shown  a 
proangiogenic  function  for  cav-1.  In  an  experimental  melanoma 
model,  impairment  of  pathologic  angiogenesis  was  reported  in 
compared  with  cav-l+/+  (30).  Increased  expression  of 
cav-1  and  microvessel  density  was  found  to  be  associated  with 
metastasis  and  a  worse  prognosis  in  human  clear  cell  renal  cell 
carcinoma,  suggesting  a  proangiogenic  role  for  cav-1  (31).  We  also 
presented  correlative  evidence  for  a  proangiogenic  role  of  cav-1  in 
human  prostate  cancer  (4).  Endogenous  levels  of  cav-1  expression 
in  endothelial  cells  may  provide  an  explanation  for  this  controver¬ 
sy.  Cav-7-/~  endothelial  cells  showed  abrogated  tubule  formation 
and  reduced  NO  production  with  or  without  VEGF  treatment. 
Enforced  expression  of  relatively  low  levels  of  cav-1  in  cav-1 
endothelial  cells  produced  increased  eNOS  phosphorylation 
(SI  177)  and  NO  production  in  response  to  VEGF  treatment,  yet 
expression  of  higher  levels  of  cav-1  blocked  this  process  (17). 

Apparently,  without  cav-1,  endothelial  cells  do  not  undergo 
proper  maturation  and  maintain  a  hyperproliferative  state.  This 
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Figure  5.  Secreted  cav-1  promotes  growth  and  angiogenesis  in  orthotopic  RM-9  mouse  prostate  cancer  model.  A,  increased  RM-9  tumor  wet  weight  in  cav-1+/+  hosts 
{n  =  7)  compared  with  cav-1  /_  hosts  (n  =  7).  Columns,  mean;  bars,  SE.  *,  P  =  0.045  by  two-sided  t  test.  B,  immunohistochemical  staining  for  CD31  in  RM-9  tumors 
shows  increased  microvessel  density  in  cav-1+/+  hosts  compared  with  cav-1  ^  hosts.  C,  quantitative  box  plot  analysis  of  the  microvessel  density  ( MVD )  in  RM-9 
tumors  from  cav-1+/+  versus  cav-1  7  hosts.  Top  lines,  10th  percentile;  bottom  lines,  90th  percentile;  middle  lines,  median  value.  *,  P  =  0.0078  by  Mann-Whitney 
rank  test.  D,  images  of  double  immunostaining  for  CD31  {green)  and  cav-1  {red)  in  a  tissue  section  of  an  RM-9  tumor  from  a  cav-V /_  host.  Arrows  in  the  merged 
image  {yellow)  indicate  the  uptake  by  microvessels  of  cav-1  secreted  by  RM-9  tumors. 
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Figure  6.  Secreted  cav-1  promotes  growth  and  angiogenesis  in  LNTB25cav  tumors.  A,  Cav-1  induction  by  doxycycline  (Doxy)  leads  to  increased  tumor  volume 
in  LNTB25cav  s.c  xenograft  tumors  growing  s.c.  Two  groups  of  mice  (n  =  8  each)  normalized  for  tumor  volume  were  treated  with  either  doxycycline  (2  mg/mL) 
or  control  sucrose  in  drinking  water  for  21  d.  Points,  mean;  bars,  SE.  *,  P  =  0.0195;  **,  P  =  0.035;  ***,  P  =  0.019  by  two-sided  t  test.  B,  representative 
immunohistochemical  staining  for  cav-1  and  CD31  shows  increased  cytoplasmic  cav-1  in  cancer  cells  (top),  and  increased  numbers  of  microvessels  (bottom)  in 
cav-1 -induced  LNTB25cav  tumors  compared  with  uninduced  LNTB25cav  tumors.  C,  quantitative  box  plot  analysis  of  microvessel  density  in  cav-1 -induced  (n  =  8)  and 
uninduced  (n  =  11)  tumors.  Top  lines,  10th  percentile;  bottom  lines,  90th  percentiles;  middle  lines,  median  value.  *,  P  =  0.039  by  Mann-Whitney  rank  test.  D,  increased 
number  and  frequency  of  lung  metastases  in  cav-1 -induced  compared  with  uninduced  tumors.  Lung  metastases  were  established  by  injecting  LNTB25cav  cells 
into  the  tail  veins  of  nude  mice  that  were  subsequently  treated  with  doxycycline  (n  =  7)  or  sucrose  (n  =  8)  in  drinking  water  for  42  d.  Columns,  mean;  bars,  SE. 

*,  P  =  0.040  by  Fisher’s  exact  test;  **,  P  =  0.008  by  two-sided  t  test. 


leads  to  a  lack  of  polarization  and  a  failure  to  form  intercellular 
junctions  (32),  which  may  compromise  selective  transport 
mechanisms  for  specific  macromolecules.  Similarly,  in  tumor- 
associated  endothelial  cells  a  certain  basal  level  of  cav-1  may  be 
required  for  minimal  functional  capacity.  We  have  recently  shown 
that  cav-1  low/negative  endothelial  cells  are  relevant  to  prostate 
cancer.  We  reported  significant  reduction  in  the  density  of  cav-1 
positive  micro  vessels  in  cav-1 -negative  human  prostate  cancer 
tissue  compared  with  benign  prostate  tissues,  clarifying  the 
existence  and  possible  significance  of  cav-1 -negative  microvessels 
in  these  malignancies  (4). 

We  show  that  endocytosis  of  extracellular  rcav-1  occurs  in 
cancer  cells  (TSU-Prl,  DU145,  and  PC-3)  and  endothelial  cells 
(HUVEC,  cav-l~/~  endothelial  cells,  and  cav-l+/+  endothelial  cells), 
and  that  endothelial  cells  take  up  rcav-1  through  lipid  rafts/ 
caveolae  and  clathrin-dependent  pathways.  Our  results  also  show 
that  rcav-1  uptake  does  not  have  an  absolute  cellular  requirement 
for  caveolae.  The  involvement  of  multiple  endocytic  pathways  is 
not  unique  to  cav-1  internalization,  as  these  mechanisms  have  been 
described  for  the  internalization  of  a  number  of  proteins  such  as 


protein-specific  membrane  antigen  (33),  insulin  growth  factor 
binding  protein-3  (34),  transforming  growth  factor  |3  receptor  (35), 
and  decorin  (36).  A  possible  explanation  for  the  internalization  of 
cav-1  through  multiple  pathways  is  its  ability  to  interact  with  and 
bind  to  a  large  number  of  signaling  proteins  including  multiple 
membrane  receptors  (15),  which  places  it  in  proximity  to 
endosome-forming  activities  of  various  pathways. 

We  show  that  CSD  is  necessary  but  may  not  be  sufficient  for 
cav-1  uptake,  which  leads  to  tubule  formation,  cell  migration,  and 
NO  production  in  cav-l~/~  endothelial  cells.  These  data  are 
supported  by  the  results  of  a  study  that  identified  a  highly 
conserved  region  of  the  engrailed  homeoproteins  that  bears  a  high 
degree  of  homology  with  the  CSD  and  are  responsible  for 
oligopeptide  or  oligonucleotide  transmembrane,  and  cellular 
transport  (37).  The  CSD  was  also  found  to  have  the  ability  to 
direct  endogeneous  cav-1  to  cell  membranes  (16). 

We  show  that  cav-1  angiogenic  activities  involve  the  PI3-K-Akt- 
eNOS  pathway  but  not  Erkl/2.  Indeed,  rcav-1  treatment  increases 
phosphorylation  of  Akt  (S473  and  T308)  and,  hence,  eNOS 
phosphorylation  (SI  177  but  not  T495),  leading  to  NO  production. 
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Because  previous  studies  show  that  Akt  phosphorylates  eNOS  on 
the  SI  177  site,  leading  to  eNOS  activation,  our  results  are 
consistent  with  a  straight  forward  molecular  pathway  through 
which  cav-1  uptake  activates  Akt,  which  in  turn  activates  eNOS. 
However,  Akt  inhibitor  studies  indicated  that  Akt  signaling  is  not 
the  only  pathway  culminating  in  eNOS  phosphorylation  on  SI  177. 
That  is,  rcav-1 -stimulated  Akt  activation  was  accompanied  by 
inhibition  of  PP2A,  a  specific  serine/threonine  kinase  that 
dephosphorylates  S473  and  T308  on  Akt,  and  SI  177  and  T495  on 
eNOS  (13,  21,  38).  It  is  of  interest  that  rcav-1  did  not  inhibit  PP1, 
a  serine/threonine  kinase  whose  substrate  specificity  is  similar  to 
that  of  PP2A.  Because  PP1  may  have  selective  activity  for  the  T495 
site  on  eNOS,  which  unlike  the  SI  177  site  leads  to  inhibition  of 
eNOS  activity,  the  absence  of  cav-1 -mediated  inhibition  of  PP1 
could  further  contribute  to  eNOS  activation  (21).  This  notion  is 
supported  by  the  absence  of  increased  phosphorylation  of  T495  on 
eNOS  in  response  to  rcav-1  (Fig.  4 A,  right).  Because  we  previously 
showed  that  cav-1 -stimulated  PP1,  and  PP2A  inhibition  is 
mediated  through  direct  interaction  between  the  cav-1  CSD  and 
PP1/PP2A  binding  sites  in  prostate  cancer  cells,  (13)  it  seems 
reasonable  to  suggest  that  this  specific  interaction  also  applies  to 
rcav-1 -mediated  inhibition  of  PP2A  in  cav-1 endothelial  cells. 


Studies  with  two  complementary  animal  model  systems  (i.e., 
the  RM-9-cav-7_/“  host  orthotopic  model  and  the  LNTB25cav 
xenograft  model)  substantiate  our  in  vitro  findings  that  tumor- 
associated  endothelial  cells  internalize  tumor-secreted  cav-1, 
which  is  associated  with  tumor  growth,  and  that  overexpression 
of  cav-1  in  prostate  cancer  cells  promotes  angiogenesis  and 
tumor  growth. 

Overall,  our  data  show  that  prostate  cancer  cell- derived  and 
prostate  cancer  cell-secreted  cav-1  has  autocrine  (tumor  cell 
uptake)  and  paracrine  (tumor-associated  endothelial  cells  uptake) 
activities  that  can  contribute  to  angiogenesis,  tumor  progression, 
and  metastasis.  We  propose  that  prostate  cancer  and  potentially 
other  malignancies  that  overexpress  and  secrete  cav-1,  may  benefit 
from  anti-cav-1  therapy  that  could  involve  cav-1  antibodies  or 
peptide  inhibitors  of  CSD. 
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Abstract 

Caveolin-1  (cav-1)  is  a  major  structural  protein  of  caveolae,  small  invaginations  of  the  plasma  membrane  that  integrate  and  regulate  signaling 
pathways  involved  in  cell  growth  and  differentiation.  We  previously  generated  a  genetically  engineered  mice  that  are  homozygous  for  a  null  mutation 
in  exon  2  of  cav-1  and  documented  increased  incidence  of  urolithiasis  in  young  male  cav-l~ /_  mice.  We  attributed  this,  in  part,  to  improper 
localization  of  plasma  membrane  calcium/calmodulin-dependent  calcium  ATPase  in  the  distal  convoluted  tubules  of  the  kidney.  To  document 
pathologies  related  to  cav-1  function,  we  maintained  cav-l~'~  and  control  cav-l+/+  mice  for  an  extended  time  period.  We  report  here  that  cav-F!~ 
mice  demonstrate  organ-specific  growth-related  disorders  in  stromal  cells  that  normally  have  high  levels  of  cav-1  expression.  In  many  of  these 
organs,  epithelial  cell  growth/differentiation  abnormalities  were  also  observed,  yet  in  most  of  these  sites  the  epithelial  cells  normally  express  low  to 
non-detectable  levels  of  cav-1.  We  propose  that  loss  of  cav-1  function  in  stromal  cells  of  various  organs  directly  leads  to  a  disorganized  stromal 
compartment  that,  in  turn,  indirectly  promotes  abnormal  growth  and  differentiation  of  adjacent  epithelium. 

©  2007  Elsevier  Inc.  All  rights  reserved. 


Introduction 

Caveolin-1  (cav-1)  protein  was  originally  isolated  as  a 
structural  component  of  caveolae  in  endothelial  cells  (Rothberg 
et  ah,  1992)  and  epithelial  cells  (Kurzchalia  et  ah,  1992). 
Subsequently  cav-1  expression  has  been  observed  in  multiple 
cell  types  and  was  shown  to  play  an  important  role  in  signal 
transduction  and  molecular  transport  in  a  cell  and  context- 
specific  fashion  (Fielding  and  Fielding,  2001;  Massimino  et  ah, 
2002;  Parton,  2003;  Shaul  and  Anderson,  1998;  Smart  et  ah, 
1999).  The  role  of  cav-1  in  human  disease  has  been  the  subject  of 
considerable  debate  especially  with  regard  to  the  development 
and  progression  of  various  malignancies.  To  develop  model 
systems  that  provide  insight  into  the  role  of  cav-1  in  human 
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disease,  multiple  investigators  generated  cav-1  gene  knockout 
mice. 

There  are  currently  three  independent  reports  of  the 
generation  of  cav-1  knockout  mice  (Drab  et  al.,  2001;  Razani 
et  al.,  2001a;  Cao  et  al.,  2003)  and  one  of  a  cav-2  knockout 
mouse  (Razani  et  al.,  2002).  Unexpectedly,  cav-F~  mice  were 
viable  and  apparently  healthy  despite  the  absence  of  cav-1 
(Parton,  2001).  However,  pathologic  analysis  revealed  abnor¬ 
malities  in  specific  cell  types.  Pulmonary  and  cardiac  defects 
were  consistently  reported  for  all  cav-F!~  mice  (Drab  et  al., 
2001;  Razani  et  al.,  2001a;  Cao  et  al.,  2003).  We  also  reported 
that  young  cav-F /_  male  mice  demonstrate  an  increased 
incidence  of  urolithiasis  that  likely  results  in  part  from  improper 
localization  of  plasma  membrane  calcium/calmodulin-depen- 
dent  calcium  ATPase  in  the  distal  convoluted  tubules  of  the 
kidney  (Cao  et  al.,  2003).  These  studies  confirmed  a  functional 
role  for  cav-1  in  specific  tissues  or  cell  types.  Additional  studies 
using  cav-Ff~  mice  have  focused  on  the  role  of  cav-1  in 
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malignancy,  and  early  reports  suggested  that  cav-1  was  a  tumor 
suppressor.  Unambiguous  functional  evidence  for  a  tumor  sup¬ 
pressor  gene  is  the  demonstration  of  tumorigenesis  in  a  knockout 
mouse  model  (Hakem  and  Mak,  2001).  The  absence  of  cav-1 
has  not  been  reported  to  increase  the  incidence  of  spontaneous 
malignancies;  however,  loss  of  cav-1  function  has  been  shown  to 
increase  the  incidence  of  carcinogen-induced  hyperplasia  and 
tumorigenesis  following  application  of  dimethylbenzanthracene 
to  the  skin  (Capozza  et  al.,  2003).  The  development  of  epithelial 
cell  hyperplasia  but  not  overt  dysplasia  in  the  mammary  glands 
of  cav~r/~  mice  was  also  reported  (Lee  et  al.,  2002).  In  addition, 
an  increased  incidence  of  dysplastic  lesions  was  observed  in 
cav-l~ mice  compared  to  cav-l+/+  when  the  mice  were  bred 
with  transgenic  mice  expressing  a  dominant  transforming  on¬ 
cogene,  polyoma  middle  T  (PyMT),  in  breast  tissue  permissive 
for  MMTV  promoter  activities  (Williams  et  al.,  2003).  In  older 
MMTV-PyMT  mice,  breast  cancer  lesions  appeared  sooner  and 
with  increased  multifocality  in  female  mice  in  a  cav-l~'~  back¬ 
ground  than  in  cav-l+/+  or  cav-l+/~  mice,  and  there  were  more 
metastatic  lesions  in  the  lungs  (Williams  et  al.,  2004). 

Some  reports  document  down-regulation  of  cav-1  in  various 
malignancies  (Aldred  et  al.,  2003;  Bagnoli  et  al.,  2000;  Bender 
et  al.,  2000;  Davidson  et  al.,  2001;  Kato  et  al.,  2004;  Racine 
et  al.,  1999;  Sagara  et  al.,  2004;  Sunaga  et  al.,  2004;  Wiechen 
et  al.,  2001;  Wikman  et  al.,  2004).  However,  with  regard  to 
prostate  cancer,  in  a  recently  published  study,  it  was  shown  that 
TRAMP  (transgenic  mouse  prostate);cav-7_/_  mice  demonstrate 
significantly  reduced  numbers  of  primary  tumors  and  metastatic 
lesions  compared  to  TRAMP;cav-7+/+  mice  (Williams  et  al., 
2005).  These  data  are  consistent  with  numerous  studies  that  have 
clearly  documented  overexpression  of  cav-1  is  associated  with 
unfavorable  clinical  prognosis  in  various  adenocarcinomas 
(reviewed  in  Bender  et  al.,  2000;  Carrion  et  al.,  2003;  Davidson 
et  al.,  2002;  Ho  et  al.,  2002;  Horiguchi  et  al.,  2004;  Hu  et  al., 
2001;  Hung  et  al.,  2003;  Ito  et  al.,  2002;  Joo  et  al.,  2004;  Kato 
et  al.,  2002;  Mouraviev  et  al.,  2002;  Patlolla  et  al.,  2004; 
Rajjayabun  et  al.,  2001;  Sanchez-Carbayo  et  al.,  2002;  Satoh 
et  al.,  2003;  Sunaga  et  al.,  2004;  Suzuoki  et  al.,  2002;  Terris 
et  al.,  2002;  Yang  et  al.,  2000,  1998,  1999;  Yoo  et  al.,  2003).  To 
provide  additional  insight  into  the  role  of  cav-1  in  abnormal 
cellular  growth,  we  further  analyzed  cav-l~!~  mice. 
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Fig.  1.  Kaplan-Meyer  survival  plot  of  cav-l+l+  and  cav-1  1  mice. 


Table  1 

Organ  wet  weight  in  adult  cav-l+l+  and  cav-11  mice  at  two  time  points 


Male  Female 


/+/+ 

cav-1 

cav-1 

/- 

/+/+ 

cav-1 

cav-1 

/- 

Age  (months) 

10 

19 

10 

19 

10 

19 

10 

19 

N 

7 

55 

15 

30 

6 

37 

10 

16 

Body  weight  (g) 

32.08 

31.44 

30.38 

31.35 

23.99 

27.71 

24.96 

27.30 

Kidney  (mg) 

247 

302 

278 

290 

187 

208 

232 

206 

Spleen  (mg) 

146 

170 

445 

188 

206 

176 

450 

346 

Liver  (mg) 

1506 

1700 

1710 

1657 

1179 

1501 

1586 

1533 

Lung  (mg) 

181 

385 

172 

293 

Pancreas  (mg) 
Prostate  (mg) 

145 

89 

143 

67 

165 

122 

We  report  here  our  long-term  observations  of  a  cohort  of 
cav-l+/+  and  cav-l~'~  mice.  In  agreement  with  previous 
observations,  cav-l~'~  have  a  decreased  lifespan  (Park  et  al., 
2003).  We  did  not  detect  any  increase  in  overt  cancer  de¬ 
velopment.  We  document  stromal  cell  growth  abnormalities  in 
cav-l~ mice  compared  to  cav-l+l+  mice.  Specifically,  these 
abnormalities  were  seen  in  endothelial  cells  and  smooth  muscle 
cells  of  specific  organs  that  normally  express  high  levels  of  cav- 
1 .  Interestingly,  in  many  of  these  organs  epithelial/parenchymal 
cells  that  normally  do  not  express  significant  levels  of  cav-1 
also  demonstrated  growth  and  differentiation  abnormalities 
including  glandular  malfunction  and  reduced  cytokeratin 
staining. 

Materials  and  methods 

Mice 

Using  Lox P/Cre  technology,  we  generated  genetically  engineered  mice  that 
were  homozygous  for  a  deletion  of  exon  2  of  the  cav-1  gene  (Cao  et  al.,  2003). 
The  mice  were  kept  in  a  mixed  strain  background  of  C57/BL6  and  1 29/S v  by 
interbreeding.  They  had  access  to  food,  Harlan  TekLab  22/5  Rodent  Diet  (W), 
and  water  ad  libitum.  They  were  maintained  in  facilities  accredited  by  the 
American  Association  for  Accreditation  of  Laboratory  Animal  Care  and  all 
experiments  conducted  in  accordance  with  the  principles  and  procedures 
outlined  in  the  National  Institutes  of  Health’s  Guide  for  the  Care  and  Use  of 
Laboratory  Animals. 

Histopathology  and  immuno  his  to  chemistry 

Animals  were  euthanized  and  after  careful  observation  for  gross  changes, 
selected  organs  were  removed  by  dissection  and  weighed.  Tissue  samples  were 
fresh  frozen  in  OCT  (Optimal  Cutting  Temperature)  compound  or  fixed  in  10% 

Table  2 

Organ  confined  pathologies  in  adult  (>18  months)  cav-l+/+  and  cav-r'~  mice 


Phenotype  cav-l+l+  cav-1  7 


Thickening  of  alveolar  septa  in  lung 

3/44 

(7%) 

13/23 

(56%) 

Breast  epithelial  hyperplasia 

2/31 

(6%) 

6/13 

(46%V 

Prostate  epithelial  cell  hyperplasia 

3/13 

(23%) 

2/9 

(22%) 

Seminal  vesicle  enlargement 

1/12 

(8%) 

6/9 

(67%)* 

Ovarian  cysts 

1/31 

(3%) 

3/13 

(23%) 

Hepatic  carcinoma 

4/44 

(9%) 

0/23 

(0%) 

Lymphoma  in  spleen 

4/44 

(9%) 

2/23 

(9%) 

Lymphoma  in  uterus 

2/31 

(6%) 

0/13 

(0%) 

0.0072  or  JP=0.0182  ;  Fisher’s  exact  test. 
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buffered  formalin  and  embedded  in  paraffin  for  sectioning.  Sections  (4-5  pm) 
were  stained  with  hematoxylin  and  eosin  (H&E)  according  to  standard  protocols 
and  were  evaluated  histologically.  Immunohistochemical  (IHC)  analysis  using 
standard  ABC  detection  was  performed  as  previously  described  (Yang  et  al., 
1998).  Antibodies  used  included  rabbit  polyclonal  anti-cav-1  (N-20,  Santa  Cruz 
Biotech,  Inc.,  Santa  Cruz,  CA),  goat  polyclonal  anti-CD31  (M-20,  Santa  Cruz), 
rabbit  polyclonal  anti-cytokeratin  (Z0575,  Dako,  Carpinteria,  CA),  mouse 
monoclonal  anti-proliferative  cell  nuclear  antigen  (PCNA)  (PC- 10,  Dako), 
mouse  monoclonal  anti-alpha  smooth  muscle-specific  actin  (1 A4,  Dako),  rabbit 
polyclonal  anti-desmin  (D8281,  Sigma- Aldrich,  St.  Louis,  MO)  and  goat 
polyclonal  anti-vimentin  (V4630,  Sigma)  and  rat  monoclonal  anti-CD  lib 
(Clone  Ml/70,  Pharmingen,  San  Diego,  CA).  The  TUNEL  technique  (Gavrieli 
et  al.,  1992)  was  used  to  label  apoptotic  splenocytes  as  previously  described 


(Yang  et  al.,  1996).  IHC  quantitation  of  PCNA-positive  and  apoptotic 
splenocytes  were  conducted  on  30  randomly  selected  measuring  fields 
(0.198  pm  each)  for  each  specimen.  The  number  of  positively  labeled  cells 
per  unit  spleen  area  was  recorded  and  the  statistical  significance  of  the 
differences  in  proliferative  and  apoptotic  activities  was  evaluated  by  the  Mann- 
Whitney  rank  test. 

Results 

We  observed  a  large  cohort  of  cav-l+/+  and  cav-l~f~  mice  for 
more  than  2  years.  The  cav-l+/+  mice  had  significantly  longer 
overall  survival  times  than  their  cav-l~'~  littermates  (Fig.  1). 
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Fig.  2.  Histological  and  IHC  characterization  of  lung  tissues  from  cav-l+l+  (A,  C,  E  and  G)  and  cav-1  1  (B,  D,  F  and  H)  mice.  (A  and  B)  H&E  staining;  (C  and  D)  cav-1 
staining;  (E  and  F)  CD31  staining;  (G  and  H)  CDllb  staining.  Original  magnification:  A  and  B,  100x;  C-F,  200x;  G  and  H,  400x. 
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cav-1+/+  cav-1-'- 


PCNA  Apoptosis 

Fig.  3.  H&E-stained  sections  of  spleen  (A)  depicting  the  morphological 
difference  between  3 -month-old  cav-l+/+  and  cav-T1  mice.  Original  magnifi¬ 
cation:  200  x.  Quantitation  of  PCNA  and  apoptosis  labeling  (B)  in  the  spleen.  The 
densities  of  PCNA-positive  cells  and  apoptotic  bodies  in  spleen  from  cav-l~'~ 
mice  were  significantly  higher  than  in  the  cav-l+/+  mice  (P= 0.027  and  P=  0.009, 
respectively). 

The  mean  survival  for  the  cav-l+/+  mice  was  602 ±6  days 
compared  with  500±15  days  for  the  cav-l~'~  mice  (T><0.001, 
Mantel-Cox  Rank  test).  A  smaller  group  of  heterozygous  mice 
(>z  =  30)  was  also  observed  to  have  an  intermediate  survival  time 
of  537  ±29  days.  There  was  no  difference  in  survival  between 
male  and  female  mice  (data  not  shown).  In  most  cases  no 
obvious  cause  of  death  was  apparent.  At  gross  necropsy  the  most 
commonly  observed  abnormalities  in  older  mice  were  swollen 
and  purulent  lymph  nodes  in  the  head  and  neck.  One  specific 
abnormality  noted  in  several  cav-F~  mice  was  anal  exstrophy. 

We  sacrificed  two  cohorts  of  mice  at  approximately  10  or 
19  months  of  age  and  obtained  the  weight  of  selected  organs 
(Table  1).  The  overall  body  weight  was  similar  for  mice  of  the 
same  sex  independent  of  genotype.  However,  the  wet  weights  of 
specific  organs  including  lungs,  liver,  kidney  and  spleen  were 
increased  in  both  male  and  female  cav- 1~  ~  mice  at  10  months 
compared  to  cav-l+l+  of  the  same  sex.  These  differences 
achieved  statistical  significance  in  the  spleen  (males  P=  0.0026, 
females  P=  0.0323)  and  in  the  liver  of  females  (P=  0.0 164).  In 
mice  evaluated  at  an  age  of  19  months  these  differences  largely 
resolved,  except  the  spleen  weight  from  the  cav-l~  ~  females 
remained  significantly  increased  (P= 0.0404). 

The  general  gross  anatomical  and  microscopic  features  based 
on  evaluation  of  H&E-stained  sections  from  selected  organs  of 
both  cohorts  of  the  cav-l+/+  and  cav-1  animals  are  sum¬ 
marized  in  Table  2.  The  penetrance  of  each  abnormal  phenotype 


as  well  as  the  incidence  of  spontaneous  tumors  in  the  mice  is 
also  compared  in  Table  2.  Hepatocarcinoma  and  lymphoma 
were  observed  in  a  few  animals  with  no  statistical  difference 
in  incidence  between  cav-l+/+  and  cav-F!~  mice. 

The  lungs  of  cav-l~!~  mice  demonstrated  thickened  alveolar 
septa  and  hypercellularity.  The  alveolar  lumens  appeared  smaller 
or  constricted,  as  a  result  of  the  hypercellularity  as  compared  to 
cav-l+/+  mice  (Fig.  2).  In  cav-F'~  mice,  immunostaining  with 
CD31  (PEC AM)  (Fig.  2)  demonstrated  significantly  increased 
numbers  of  endothelial  cells,  whereas  vimentin  staining  failed  to 
show  increased  fibroblasts  in  the  thickened  septa  (data  not 
shown).  Significantly  increased  numbers  of  infiltrating  macro¬ 
phages  as  demonstrated  by  CD1  lb  staining  were  also  seen  in  the 
thickened  alveolar  walls  of  cav-F!~  lung  (Fig.  2).  These  lung 
abnormalities  were  observed  most  dramatically  in  3-  to  4-month- 
old  cav-l~!~  mice.  They  persisted  in  the  aged  animals  with  the 
incidence  of  the  lung  abnormalities  in  cav-F /_  significantly 
higher  than  that  in  the  cav-l+,+  mice  at  18  months  (Table  2). 

Tissue  sections  of  the  spleen  from  3 -month-old  mice  revealed 
that  the  red  pulp  compartment  represented  a  larger  percentage  of 
the  area  in  cav-F/~  mice  compared  to  cav-l+/+  mice  (Fig.  3A). 
However,  this  difference  became  less  dramatic  as  the  mice  aged. 
The  proliferative  rate  of  splenocytes  as  demonstrated  by  the 


Fig.  4.  H&E-stained  sections  of  the  pancreas  of  3 -month-old  (A)  cav-l+l+  and 
(B)  cav-1 mice  demonstrating  a  higher  density  of  exocrine  secretory  cells  in 
cav~r'~  mice  versus  cav-l+l+  mice.  Original  magnification:  200  x. 
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number  of  PCNA-positive  splenocytes  per  microscopic  mea¬ 
suring  field  was  also  significantly  higher  in  the  cav~rf~  mice 
compared  to  the  cav-l+/+  mice  (P=  0.027,  Mann- Whitney  rank 
test,  Fig.  3B).  The  apoptotic  rate  of  splenocytes  was  also 
significantly  higher  in  the  cav-l~  ~  mice  (n=  12)  compared  to 
the  cav-l+/+  mice  (n=\4,  P= 0.009,  Mann- Whitney  rank  test, 
Fig.  3B). 

In  the  exocrine  pancreas,  there  was  a  significant  hypercellu- 
larity  in  glandular  acini  and  ductal  epithelia  in  the  cav-l~~ 
animals  compared  to  the  cav-l+/+  mice  (Fig.  4).  In  the  cav-l~  ~ 
pancreas,  the  pyramidal  epithelial  cells  in  the  acini  appeared  to 
have  a  smaller  size  than  those  in  the  cav-l+l+  pancreas.  These 
cells  tended  to  form  fewer  apically  oriented  zymogen  granules 
and  this  made  the  exocrine  pancreas  appear  more  basophilic  on 
H&E-stained  sections  The  endocrine  pancreas  showed  no  sig¬ 
nificant  difference  between  cav-l+/+  and  cav-l~f~  animals. 

We  previously  noted  that  in  mice  under  6  months  of  age  soft 
urinary  calculi  were  seen  in  the  bladders  of  more  than  60%  of  the 
cav-l~'~  male  mice  and  frank  stone  formation  was  observed  in 
13%  of  cav-l~ /_  males  whereas  this  was  not  seen  in  cav-l+/+ 
mice  (Cao  et  al.,  2003).  In  the  older  mice  evaluated  in  the  present 
study  soft  calculi  and  calcified  deposits  were  also  frequently 


observed  at  the  juxtaposition  of  the  bladder  neck  and  urethra. 
Although  no  hypercellularity  was  demonstrated  in  the  bladder 
wall  of  cav-l~ animals  on  H&E-stained  sections  the  smooth 
muscle  layer  in  the  bladder  wall  appeared  to  be  disorganized 
(Fig.  5).  Smooth  muscle  actin  (SMA)-positive  staining  tended  to 
be  less  abundant  in  the  bladder  wall  of  cav-l~  ~  mice  relative  to 
cav-l+l+  mice  (Fig.  5). 

In  mice  that  were  over  18  months  old,  focal  epithelial 
hyperplasia  was  occasionally  seen  in  the  dorsal  lobe  of  prostate 
(data  not  shown).  The  incidence  of  these  lesions  did  not  differ 
between  cav-l+/+  and  cav-F1-  mice  (Table  2).  The  cav-1- 
positive  abundant  fibromuscular  stroma  that  surrounded  the 
prostatic  glandular  epithelia  appeared  slightly  thicker  in  the 
older  mice  compared  to  younger  adults  (data  not  shown).  No 
differences  in  the  thickness  of  the  stroma  fibromuscular  sheath 
were  detected  by  SMA  staining  of  prostate  tissue  from  cav-l~'~ 
and  cav-l+l+  (Figs.  6C  and  D).  Interestingly,  in  the  prostate  of 
cav-l-1-  mice,  there  was  reduced  cytokeratin  staining  in  the 
glandular  epithelia  (Figs.  6E  and  F). 

In  the  urogenital  tract,  we  noted  that  cav-F1-  female  mice 
had  profoundly  weaker  cytokeratin  staining  in  the  uterine 
epithelium  (Figs.  6G  and  H).  There  was  an  increase  in  the 


cav-1+/+ 


cav-1 


Fig.  5.  H&E-stained  sections  of  urinary  bladder  wall  from  10-month-old  (A)  cav-l+l+  and  (B)  cav-F1  mice.  SMA  staining  revealed  more  intense  reactivity  in  the 
muscle  layer  of  cav-l+/+  mice  (C)  compared  to  the  disorientated  appearance  in  the  cav-F1  mice  (D).  Cav-1  immunostaining  in  cav-l+l+  mice  is  shown  in  panel  E. 
Original  magnification:  200  x. 
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Fig.  6.  Prostate  and  uterus  tissues  from  cav-l+/+  (A,  B,  C,  E  and  G)  and  cav-Ff~  (D,  F  and  H)  mice  were  stained  for  cav-1  (A  and  B),  SMA  (C  and  D)  or  cytokeratin 
(E-H).  Cav-1  was  present  mainly  in  smooth  muscles  and  vascular  endothelia  of  the  prostate  (A)  and  uterus  (B).  In  the  prostates,  no  differences  were  evident  in  the 
fibromuscular  layer  surrounding  the  glandular  epithelium  between  the  cav-l+/+  and  cav-F1  mice  (C  and  D,  respectively),  whereas  cytokeratin  staining  in  the 
glandular  epithelium  was  reduced  in  cav-l~ /_  (F)  as  compared  with  cav-l+l+  mice  (E).  In  female  mice,  the  uterine  epithelia  of  cav-11  mice  (H)  had  reduced  staining 
with  cytokeratin  compared  to  uterine  sections  from  cav-l+l+  mice  (G).  Original  magnifications:  B:  100x,  others:  200x. 


number  of  ovarian  cysts  observed  in  cav-Ff~  mice  but  this  did 
not  achieve  statistical  significance  (P= 0.1297,  %2  test,  Table  2). 

At  necropsy,  the  seminal  vesicles  from  cav-F /_  mice  appeared 
to  be  swollen  and  enlarged  in  67%  of  animals  aged  over 
18  months  (P=  0.0 182,  %2  test,  Table  2).  Histological  evaluation 
revealed  a  marked  increase  in  seminal  fluid  with  epithelial 
disorientation  and  a  loss  of  the  epithelial  chords  that  normally 
protrude  into  the  lumen  in  cav-F1-  mice  (Figs.  7A  and  B).  SMA 
staining  delineated  a  thinner  seminal  vesicle  smooth  muscle  layer 
in  the  cav-F /-  mice  (Figs.  7E  and  F). 

Breast  tissues  were  harvested  from  cav-l+l+  and  cav-F/- 
mice  at  ages  ranging  from  5  to  21  months.  Cav-1  was  mainly 


present  in  adipocytes,  and  myoepithelial  cells  surrounding  the 
glandular  epithelia  (Fig  8 A)  in  normal  cav-l+/+  breast.  Benign 
epithelial  hyperplastic  lesions  were  apparent  in  H&E-stained 
sections  from  46%  of  the  cav-F1-  mice  and  only  6%  of  the 
cav-l+/+  mice  (P= 0.0072,  %2  test,  Table  2).  Features  of  cav-F l- 
epithelial  hyperplasia  included  increased  numbers  of  ductal 
branches  and  mammary  acini,  as  well  as  intraductal  epithelial 
cells  (Fig.  8).  The  myoepithelial  cell  layer  that  normally 
surrounds  the  mammary  lining  epithelial  cells  was  obscured 
due  to  the  tangled  orientation  of  the  intraductal  cells.  These 
morphological  hyperplastic  changes  were  also  documented 
through  IHC  analysis.  SMA-positive  myoepithelial  cells  that 
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Fig.  7.  Sections  of  seminal  vesicle  were  stained  with  H&E  (A  and  B)  and  SMA  (C  and  D).  Disorientation  of  the  epithelial  layer  with  a  loss  of  protruding 
epithelial  chords  and  epithelial  detritus  was  evident  in  10  month-old  cav-Ff~  mice  (B).  SMA  staining  appeared  thinner  in  cav-F'  mice  (D).  Original 
magnifications:  100x. 


are  normally  orientated  adjacent  to  mammary  lining  cells  were 
admixed  with  epithelial  cells  in  the  cav-l~'~  breast  tissues 
(Figs.  8C  and  8D).  Interestingly,  in  30%  of  the  hyperplastic 
cav-l~'~  breast  specimens,  SMA  antibody  strongly  labeled 
intraductal  cells  (Fig.  8D).  However,  desmin  antibody  did  not 
label  the  hyperplastic  cells  (data  not  shown).  Vimentin-positive 
fibroblasts  were  not  observed  in  the  hyperplastic  areas  but  were 
confined  to  connective  tissue  surrounding  the  hyperplastic 
epithelia  (Fig.  8B).  The  hyperplastic  epithelia  in  cav-l~'~  breast 
sections  exhibited  attenuated  cytokeratin  expression  compared  to 
the  cav-l+/+  breast  epithelia  (Figs.  8E  and  F).  Although  the 
mammary  hyperplasia-associated  morphological  and  IHC 
changes  were  documented,  mammary  tumors  were  not  observed 
in  any  cav-F1  ~  mice. 

Discussion 

The  biological  functions  of  cav-1  in  cancer  are  complex  and 
somewhat  controversial  (Massimino  et  al.,  2002;  Razani  et  al., 
2001b;  Thompson  et  al.,  1999,  2001).  Cav-1  is  involved  in 
multiple  pathways  that  could  influence  cancer  progression  such 
as  potocytosis,  transcytosis,  molecular  transport  and  signal 
transduction  in  a  cell  and  context-dependent  fashion  (Parton, 
1996;  Shaul  and  Anderson,  1998).  The  participation  of  cav-1  in 
these  critical  pathways  involves  interactions  with  a  relatively 
large  number  of  molecules  in  either  a  scaffolding  binding- 
dependent  or  -independent  manner  (Carver  and  Schnitzer, 
2003).  The  wide  spectrum  of  molecular  interactions  involving 
cav-1  is  consistent  with  important,  context-dependent  roles  for 
cav-1  in  signal  transduction,  molecular  transport  and  other 
cellular  regulatory  events. 


An  association  of  reduced  cav-1  expression  in  tyrosine  kinase 
oncogene  transformed  NIH-3T3  cells  (Koleske  et  al.,  1995)  led 
to  the  notion  that  cav-1  could  function  as  a  tumor  suppressor 
gene  (Galbiati  et  al.,  1998;  Razani  et  al.,  2001b).  Subsequent 
studies  clearly  demonstrated  that  overexpression  of  cav-1  in 
cells  that  constitutively  express  cav-1  (fibroblasts  and  selected 
breast  cancer  cell  lines)  can  suppress  growth  in  vitro  (Engelman 
et  al.,  1997;  Galbiati  et  al.,  2001;  Lee  et  al.,  1998).  The  analysis 
of  clinical  specimens  has  yielded  conflicting  evidence  for  the 
concept  of  cav-1  as  a  tumor  suppressor.  There  are  several  reports 
that  cav-1  expression  is  down-regulated  in  cancer  including 
specific  types  of  lung  cancer  (Kato  et  al.,  2004;  Racine  et  al., 
1999;  Sunaga  et  al.,  2004;  Wikman  et  al.,  2004),  colon  cancer 
(Bender  et  al.,  2000),  ovarian  cancer  (Bagnoli  et  al.,  2000; 
Davidson  et  al.,  2001;  Wiechen  et  al.,  2001),  breast  cancer 
(Sagara  et  al.,  2004),  follicular  carcinoma  of  the  thyroid  (Aldred 
et  al.,  2003)  and  several  types  of  sarcoma  (Wiechen  et  al.,  2001). 

Conversely,  cav-1  is  up-regulated  in  many  human  malig¬ 
nancies  and  is  associated  with  an  unfavorable  clinical  prognosis 
(reviewed  in  Mouraviev  et  al.,  2002).  In  prostate  cancer,  cav-1 
was  found  to  be  over-expressed  in  human  metastatic  prostate 
cancer  (Yang  et  al.,  1998).  Subsequently,  positive  correlations 
between  cav-1  overexpression  and  clinical/pathological  mar¬ 
kers  of  cancer  progression  were  reported  for  human  prostate 
cancers  (Satoh  et  al.,  2003;  Yang  et  al.,  2000,  1999)  as  well  as 
for  other  malignancies  including  metastatic  colon  cancer 
(Bender  et  al.,  2000;  Patlolla  et  al.,  2004),  renal  cancer 
(Campbell  et  al.,  2003;  Carrion  et  al.,  2003;  Horiguchi  et  al., 
2004;  Joo  et  al.,  2004),  bladder  cancer  (Rajjayabun  et  al.,  2001; 
Sanchez-Carbayo  et  al.,  2002),  urothelial  carcinoma  (Fong  et 
al.,  2003),  oral  squamous  cancer  (Hung  et  al.,  2003),  esophageal 
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Fig.  8.  Immunohistochemistry  of  mammary  glands  from  9-  to  10-month-old  virgin  cav-l+/+  (A,  C  and  E)  and  cav-  F'~  (B,  D  and  F)  mice  as  demonstrated  by  (A)  cav-1, 
(C  and  D)  SMA,  (B)  vimentin  and  (E  and  F)  cytokeratin  staining.  Normal  lobular  development  was  apparent  in  cav-l+l+  mice  (A,  C  and  E)  whereas  in  cav-11 
mammary  glands  there  was  pronounced  epithelial  hyperplasia  (B,  D  and  F).  Original  magnifications:  200x. 


squamous  cancer  (Hu  et  al.,  2001;  Kato  et  al.,  2002),  papillary 
carcinoma  of  the  thyroid  (Ito  et  al,  2002),  lung  cancer  (Ho  et  al., 
2002;  Sunaga  et  al.,  2004;  Yoo  et  al.,  2003),  pancreatic  cancer 
(Suzuoki  et  al,  2002;  Terris  et  al.,  2002)  and  ovarian  cancer 
(Davidson  et  al.,  2002). 

In  this  analysis  of  cav-1 and  control  cav-l+l+  mice,  we 
observed  significantly  increased  wet  weights  of  specific  organs 
in  1 0-month-old  mice,  including  kidney,  spleen,  liver  and  lung 
(see  Table  1).  This  result  prompted  us  to  further  investigate 
these  differences  using  morphological  and  IHC  analysis.  Our 
studies  revealed  multiple  abnormalities  in  specific  cell  types 
that  were  directly  or  indirectly  related  to  growth  control.  In  the 
lungs  of  cav-l~'~  mice,  we  identified  increased  numbers  of 
endothelial  cells  in  regions  of  thickened  alveolar  septa.  Since 
cav-1  plays  an  important  role  in  endothelial  cell  growth, 
differentiation  and  maturation  (Carver  and  Schnitzer,  2003) 
(Smart  et  al.,  1999)  this  pathology  may  represent  a  failure  of 
endothelial  cells  to  properly  differentiate,  a  condition  that  may 
contribute  to  the  observed  lung  pathologies  in  these  mice  (Cao 
et  al.,  2003;  Drab  et  al.,  2001;  Razani  et  al.,  2001a;  Zhao  et  al., 


2002).  In  addition,  the  definitive  identification  of  increased 
macrophages  in  these  tissues  further  adds  to  the  etiology  of  this 
cav-1 -related  disorder. 

A  novel  observation  of  our  study  is  significantly  increased 
spleen  size  in  cav-1  mice  compared  to  cav-l+,+  mice  (see 
Table  1).  We  demonstrated  increased  splenocyte  turnover  (see 
Fig.  4)  and  suggest  that  failure  of  cav-l~'~  splenocytes  to 
differentiate  contribute  to  the  spleen  enlargement.  In  the 
exocrine  pancreas  we  observed  increased  numbers  of  pyramidal 
epithelial  cells  of  smaller  size  that  demonstrated  fewer  features 
of  differentiated  secretory  epithelium  in  cav-l~~  mice.  This 
phenomenon  also  appeared  to  be  consistent  with  a  failure  to 
differentiate. 

Our  observations  regarding  bladder  tissue  of  cav-l~'~  mice 
support  our  previous  observations  of  increased  numbers  of 
urinary  calculi  compared  to  cav-l+/+  mice;  however,  the 
frequency  of  frank  stone  formation  was  significantly  less  than 
we  previously  observed  (Cao  et  al.,  2003).  We  attribute  this  to 
the  difference  in  the  age  of  the  mice  evaluated  in  this  study 
(10  months  to  1 .5  years)  compared  to  those  previously  evaluated 
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(3  to  5  months).  In  the  present  study,  we  also  observed 
disorientation  of  the  smooth  muscle  cell  layer  in  the  bladder  of 
cav-l~  ~  mice  (see  Fig.  6).  The  intensity  of  actin  staining  in 
these  cells  was  weaker  in  these  cells  suggesting  that  proper 
differentiation/organization  was  not  achieved.  Thickening  of  the 
smooth  muscle  layer  in  the  bladder  of  cav-1  ~f~  mice  has  been 
previously  reported  but  the  cellular  disorganization  we  observed 
was  not  previously  described  (Woodman  et  al.,  2004).  Con¬ 
sistent  with  this  previous  study,  we  also  observed  a  marked 
increase  in  the  amount  of  fluid  in  the  seminal  vesicles  of  cav-l~/~ 
mice  compared  to  cav-l+/+  mice  with  a  thinner  smooth  muscle 
cell  layer  and  epithelial  disorientation  accompanying  this  in¬ 
creased  fluid  retention. 

In  contrast  with  a  previous  report  (Woodman  et  al.,  2004),  we 
did  not  observe  a  higher  incidence  of  prostate  growth  ab¬ 
normalities  in  cav-l~!~  mice.  This  may  be  a  reflection  of  dif¬ 
ferences  in  strain  background. 

It  is  important  to  note  that  our  studies  clarify  the  growth 
abnormalities  associated  with  cav~r'~  breast  that  were  reported 
previously  (Williams  et  al.,  2003).  As  in  the  previous  report,  we 
did  document  complex  hyperplasia-related  phenomena  that 
involved  increased  numbers  of  ductal  branches  and  increased 
numbers  of  acini  per  terminal  ductal  lobular  unit.  However,  we 
showed  that,  at  least  in  some  animals,  this  hyperplastic  condition 
involved  myoepithelial  cells  as  confirmed  by  positive  SMA 
labeling.  Since  both  the  epithelial  cells  and  myoepithelial  cells 
may  originate  from  a  common  progenitor  stem  cell  (Bocker 
et  al.,  2002;  Boecker  and  Buerger,  2003),  our  data  suggest  that 
the  cav-1  gene  status  may  affect  this  differentiation  pathway. 

Finally,  we  show  that  there  is  markedly  reduced  cytokeratin 
expression  in  glandular  epithelia  of  breast,  prostate  and  uterus  in 
cav-l~/~  mice  compared  to  cav-l+l+  mice.  It  is  conceivable  that 
these  abnormalities  are  related  to  inappropriate  stromal  differen¬ 
tiation  and  dysfunctional  stromal-epithelial  interactions. 

The  growth  abnormalities  that  we  document  in  this  study 
could  be  interpreted  as  conditions  that  could  evolve  into  a 
premalignant  phenotype  or  possibly  could  render  the  affected 
cells  susceptible  to  transformation  under  specific  conditions. 
Indeed  a  recent  study  documents  increased  skin  malignancies  in 
cav-l~'~  mice  compared  to  cav-l+/+  mice  following  topical 
application  of  a  carcinogen  (Capozza  et  al.,  2003).  However, 
most  of  the  cell  types  observed  to  exhibit  hyperplasia  in  cav-l~/~ 
mice  were  smooth  muscle  cells  that  do  not  commonly  undergo 
spontaneous  malignant  transformation  in  either  rodents  or 
humans.  Furthermore,  the  hyperplastic  pathologies  apparent  in 
cav-l~'~  mice  can  be  interpreted  to  result  from  incomplete 
differentiation  that  in  some  cases  appeared  to  resolve  to  some 
extent  in  later  years  of  life  rather  than  progress  to  malignancy 
(see  Table  2).  Notably,  we  did  not  observe  any  increase  in 
malignancies  in  cav~r'~  mice  compared  to  cav-l+/+  mice  in  our 
study.  Additional  studies  will  be  required  to  determine  the  role  of 
cav-1  in  the  development  and  progression  of  malignancy.  This 
study  demonstrates  that  loss  of  cav-1  function  leads  to  abnormal 
growth  and  differentiation  of  specific  cell  types  including 
stromal  cells.  We  suggest  that  in  some  cases,  loss  of  cav-1 
function  in  stromal  cells  can  lead  to  disruption  of  normal 
stromal-epithelial  interactions  and  dysfunctional  organ  systems. 
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Caveolin-1  (cav-l)  is  a  multifunctional  protein  and  major  component  of  caveolae  membranes  serving  important  functions 
related  to  signal  transduction,  endocytosis,  transcytosis,  and  molecular  transport.  We  previously  showed  that  cav-l  is 
overexpressed  and  secreted  by  metastatic  prostate  cancer  cells.  We  now  report  that  cav-l  gene  transduction  (Adcav-I) 
or  recombinant  cav-l  (rcav-l)  protein  treatment  of  cav-l -negative  prostate  cancer  cell  line  LP-LNCaP  or  cav-l'1'  endothe¬ 
lial  cells  potentiated  VEGF-stimulated  angiogenic  signaling. 

Downregulation  of  cav-l  in  prostate  cancer  cell  line  PC-3  or  human  umbilical  vein  endothelial  cells  (HUVECs)  through 
cav-l  siRNA  significantly  reduced  basal  and  VEGF-stimulated  phosphorylation  of  VEGFR2  (Y95I),  PLCyl  (Y783)  and/or 
Akt  (S473  &  T308)  relative  to  those  in  control  siRNA  treated  cells.  Additionally  rcav- 1  stimulation  of  cav- 1  siRNA  treated 
HUVECs  restored  this  signaling  pathway.  Confocal  microscopy  and  immunoprecipitation  analysis  revealed  association 
and  colocalization  of  VEGFR2  and  PLCyl  with  cav-l  following  VEGF  stimulation  in  HUVECs.  Interestingly,  treatment  of 
HUVECs  with  cav-l  scaffolding  domain  (CSD)  caused  significant  reduction  in  the  VEGF-stimulated  phosphorylation  of 
VEGFR2,  PLCyl  and  Akt  suggesting  that  CSD  inhibits  cav- 1 -mediated  angiogenic  signaling.  VEGF  stimulation  of  HUVECs 
significantly  increased  tubule  length  and  cell  migration,  but  this  stimulatory  effect  was  significantly  reduced  by  cav- 1  siRNA 
and/or  CSD  treatment. 

The  present  study  demonstrates  that  cav-l  regulates  VEGF-stimulated  VEGFR2  autophosphorylation  and  activation 
of  downstream  angiogenic  signaling,  possibly  through  compartmentalization  of  specific  signaling  molecules.  Our  results 
provide  mechanistic  insight  into  the  role  of  cav-l  in  prostate  cancer  and  suggest  the  use  of  CSD  as  a  therapeutic  tool  to 
suppress  angiogenic  signaling  in  prostate  cancer. 


Introduction 

Caveolin-1  (cav-l)  is  a  multifunctional  protein  and  major 
component  of  caveolae  membranes,  serving  important  regula¬ 
tory  functions  for  signal  transduction,  endocytosis,  transcytosis 
and  molecular  transport.1,2  Specific  proteins  such  as  receptor 
tyrosine  kinases,  Ser/Thr  kinases,  phospholipases,  G-protein- 
coupled  receptors,  and  Src  family  kinases,  are  localized  in  lipid 
rafts  and  caveolar  membranes,  where  they  interact  with  cav-l 
through  the  cav-l  scaffolding  domain  (CSD).  CSD  domain- 
mediated  activities  result  in  the  generation  of  platforms  for 
compartmentalization  of  discrete  signaling  events.3  We  showed 
previously  that  cav-l  is  overexpressed  in  metastatic  prostate  can¬ 
cer,  and  demonstrated  that  virulent  prostate  cancer  cells  secrete 
biologically  active  cav-l  that  is  taken  up  by  cav-l  negative 
tumor  cells  and/or  endothelial  cells  (ECs),  leading  to  stimula¬ 
tion  of  specific  angiogenic  activities  through  PI3K-Akt-eNOS 


signaling  module.4'8  Thus,  secreted  cav-l  has  both  proangio- 
genic  and  anti-apoptotic  roles  in  the  metastatic  progression  of 
prostate  cancer. 

Angiogenesis  is  a  vital  function  for  the  growth  of  normal 
tissues  during  embryogenesis,  and  for  the  malignant  growth 
of  solid  tumors.  This  EC-focused  process  involves  several  dis¬ 
tinct  and  sequential  steps,  including  degradation  of  basement 
membrane  by  proteolytic  enzymes,  migration,  proliferation, 
formation  of  vascular  loops,  maturation  of  neovessels  and  neo¬ 
synthesis  of  basement  membrane  constituents.  Fiowever,  abnor¬ 
mal  angiogenesis  often  occurs  in  pathological  conditions  such 
as  a  malignant  tumor,  rheumatoid  arthritis,  diabetic  retinopa¬ 
thy,  and  other  chronic  inflammatory  diseases.9  A  key  angiogenic 
factor,  vascular  endothelial  growth  factor  (VEGF),  promotes 
the  survival,  permeability,  migration  and  proliferation  in  ECs 
during  neovascularization.  At  the  surface  of  ECs,  the  VEGF 
receptor  2  (VEGFR2;  also  known  as  KDR  or  Flkl)  receptor 
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tyrosine  kinase,  has  been  identified  as  the  major  mediator  of 
VEGF-dependent  signaling  and  physiological  and  pathologi¬ 
cal  angiogenic  activities.10  Binding  of  the  dimeric  VEGF  to  the 
extracellular  domains  of  two  monomeric  VEGFR2  receptors 
induces  dimerization  and  activation  of  the  tyrosine  kinase  and 
phosphorylation  of  multiple  tyrosine  residues  (e.g.,  Y951,  Y1175, 
Y1214,  Y1054  and  Y1059)  which,  in  turn,  stimulate  binding, 
phosphorylation  and  activation  of  multiple  downstream  mol¬ 
ecules  involved  in  different  signaling  pathways  such  as  PLCyl, 
PKC  and  PI3K-Akt.1114  The  Y951  phosphorylation  site  binds 
T-cell-specific  adapter  and  subsequently  forms  a  complex  with 
Src  that  leads  to  the  regulation  of  cell  migration.15  VEGFR2 
(Y1175)  autophosphorylation  site  in  human  is  another  site  that 
serves  as  a  docking  site  for  PLCyl,  which  indirectly  mediates 
activation  of  the  mitogen-activated  protein  (MAP)  kinase  path¬ 
way  and  thus  regulates  cell  proliferation.13  VEGFR2  (Y1175) 
is  also  a  binding  site  for  Src  homology  2  and  thereby  activates 
PI3K  and  promotes  cell  migration.14  Another  VEGFR2  phos¬ 
phorylation  site  is  Y1214,  which  is  involved  in  the  activation  of 
Cdc42  and  p38  MAP  kinase  pathway  that  regulates  cell  motil¬ 
ity.16  VEGFR2  is  localized  in  endothelial  caveolae  through 
association  with  cav-1  which  seems  to  play  an  important  role  in 
its  activation  and  downstream  signal  transduction. 

Dissociation  of  VEGFR2  from  caveolae  has  been  shown  to 
be  essential  for  its  autophosphorylation  and  activation  of  down¬ 
stream  signaling  events.17  Furthermore,  reports  have  shown  that 
upon  VEGF  stimulation,  phosphorylation  of  both  VEGFR2  and 
cav-1  (Y14)  occur  simultaneously,  triggering  their  release  from 
caveolae/lipid  rafts  and  colocalization  at  focal  complexes,  at  the 
edge  of  lamellipodia.  Thus,  phospho-cav-1  appears  to  function 
as  a  scaffolding  protein  for  VEGF-mediated  signaling  by  serv¬ 
ing  as  a  docking  site  for  phospho-tyrosine-binding  molecules  at 
focal  adhesion  complexes.18,19  However,  despite  the  importance 
of  VEGFR2  in  the  orchestration  of  angiogenic  response,  the 
molecular  mechanisms  critical  for  the  regulation  of  its  signaling 
and  biological  activities  are  not  well  defined,  and  little  is  known 
about  the  role  of  cav-1  in  VEGF-mediated  angiogenesis. 

We  demonstrate  here  that  induction  of  cav-1  expression 
or  recombinant  cav-1  (rcav-1)  treatment  of  cav-1  negative 
LP-LNCaP  prostate  cancer  cells  or  cav-1'1'  ECs  led  to  induction 
of  VEGF/VEGFR2  mediated  angiogenic  signaling.  In  con¬ 
trast,  cav-1  knockdown  in  PC-3  prostate  cancer  cells  or  human 
umbilical  vein  endothelial  cells  (HUVECs)  impaired  VEGF/ 
VEGFR2-induced  signaling.  In  HUVECs  cav-1  knockdown 
also  reduced  differentiation/tubule  formation  and  cellular 
migration  but  these  activities  were  restored  in  response  to  rcav-1 
treatment.  We  further  show  increased  physical  association  and 
colocalization  of  cav-1  with  VEGFR2  or  PLCyl  in  HUVECs 
following  VEGF  stimulation.  Interestingly,  CSD  significantly 
reduced  VEGF-stimulated  phosphorylation  of  VEGFR2  and 
downstream  signaling  molecules  and  suppressed  tubule  forma¬ 
tion  and  cell  migration  in  HUVEC.  Our  results  demonstrate 
that  cav-1  plays  a  pivotal  role  in  VEGF/VEGFR2-stimulated 
angiogenesis  signaling  and  associated  angiogenic  biological 
activities,  and  suggest  a  potential  therapeutic  use  of  CSD  to 
suppress  angiogenic  signaling  in  prostate  cancer. 


Results 

Cav-1  regulates  VEGF-stimulated  angiogenesis  signaling 
in  prostate  cancer  cells  and  Cav-1 7  ECs.  We  previously  dem¬ 
onstrated  that  cav-1  stimulates  angiogenic  responses  in  pros¬ 
tate  cancer  cells  and  ECs  through  a  mechanism  that  involves 
the  PI3K-Akt-eNOS  pathway.7  To  determine  the  role  played  by 
cav-1  in  VEGF-stimulated  VEGFR2  autophosphorylation  and 
its  downstream  effects,  we  infected  cav-1  negative  LP-LNCaP 
cells  with  Adcav-1  or  control  AdRSV,  and  then  treated  the  cells 
with  VEGF.  Cav-1  overexpression  significantly  increased  the 
phosphorylation  of  VEGFR2  (Y951)  (Fig.  1A).  Increased  phos¬ 
phorylation  of  PLCyl  (Y783),  Akt  (S473)  and  Akt  (T308)  was 
also  demonstrated  with  no  change  in  total  protein  in  response  to 
cav-1  overexpression  and/or  VEGF  treatment.  The  observed  sig¬ 
nificant  increase  in  the  phosphorylation  of  VEGFR2  and  PLCyl 
in  response  to  cav-1  could  be  due  to  the  effect  of  cav-1 -mediated 
increased  expression  and  secretion  of  growth  factors  including 
VEGF  in  these  cells.20  On  the  other  hand  treatment  of  the  cells 
with  VEGF  had  little  or  no  effect  on  the  phosphorylation  in  the 
control  AdRSV  infected  cells  at  all  time  points  (0,  3  and  15  min). 
These  results  indicate  that  in  the  absence  of  cav-1,  VEGF  stimu¬ 
lation  of  VEGFR2  autophosphorylation  and  its  downstream 
effects  is  minimal,  and  that  cav-1  is  required  for  optimal  VEGF- 
stimulated  signaling  (Fig.  1A). 

To  further  investigate  the  role  of  cav-1  in  VEGF-stimulated 
angiogenic  activities  in  ECs,  we  introduced  cav-1  into  cav-1'1' 
ECs  either  by  Adcav-1  infection  to  the  MOI  200,  or  by  rcav-1 
treatment,  followed  by  analysis  of  the  phosphorylation  status  of 
VEGF/VEGFR2  signaling  pathway  associated  proteins.  Increased 
phosphorylation  of  VEGFR2  (Y951),  PLCyl  (Y783),  Akt  (S473) 
and  Akt  (T308)  was  observed  after  overexpression  of  cav-1  by 
Adcav-1,  and  a  further  increase  in  the  phosphorylation  status  of 
these  proteins  as  well  as  PLCyl  (Y783)  was  observed  after  VEGF 
treatment  (Fig.  IB).  VEGF  treatment  of  cells  infected  with  con¬ 
trol  AdRSV  showed  a  slight  increase  in  the  phosphorylation  of 
VEGFR2  (Y951),  Akt  (S473)  and  Akt  (T308)  only  at  the  15-min 
time  point  with  no  increase  in  PLCyl  (Y783),  which  indicates  a 
low  or  limited  response  to  VEGF  stimulation  in  the  absence  of 
cav-1.  These  observations  suggest  that  cav-1  plays  an  important 
role  in  both  basal  and  VEGF-stimulated  VEGFR2-mediated 
signaling. 

We  also  tested  the  effect  of  rcav-1  on  basal  and  VEGF- 
stimulated  VEGFR2 -mediated  angiogenic  signaling  in  cav-1' 
ECs.  Rcav-1 -treated  ECs  showed  a  significant  increase  in  the 
basal  phosphorylation  of  VEGFR2  (Y951),  PLCyl  (Y783),  Akt 
(S473)  and  Akt  (T308)  and  VEGF  stimulation  led  to  signifi¬ 
cantly  increased  phosphorylation  of  VEGFR2  (Y951),  PLCyl 
(Y783),  Akt  (S473)  and  Akt  (T308)  in  rcav-1 -treated  cells,  com¬ 
pared  to  cells  that  were  not  treated  with  rcav-1  (Fig.  1C). 

Cav-1  knockdown  in  PC-3  and  HUVECs  impairs  VEGF- 
stimulated  angiogenesis  signaling.  We  investigated  cav-1 
regulation  of  basal  and  VEGF-stimulated  VEGFR2-mediated 
angiogenic  signaling  in  PC-3  cells  and  human  ECs.  We  trans¬ 
fected  PC-3  cells  with  cav-1 -specific  siRNA  or  siRNA  of  irrelevant 
target  specificity  as  a  non-specific  control  (NC),  to  downregulate 
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Figure  I A  and  B.  Cav-1  stimulates  the  VEGF/VEGFR2  induced  angiogenesis  signaling  pathway.  (A)  LP-LNCaP  cells  were  infected  with  Adcav-I  or 
control  AdRSV  at  an  MOI  of  10.  Cells  were  incubated  with  SFM  for  8  h,  treated  with  hVEGF  (25  ng/ml)  for  0-15  min,  lysed  and  analyzed  by  western 
blotting  (B),  cav-1'1'  ECs  were  infected  with  Adcav-I  or  control  AdRSV  at  an  MOI  of  200.  Cells  were  incubated  in  EBM-2  medium  for  8  h,  treated  with 
mVEGF  (50  ng/ml)  for  0-15  min  and  lysed. 


cav-1  expression.  In  unstimulated  cells  the  phosphorylation 
status  of  VEGFR2  (Y951),  PLCyl  (Y783)  and  Akt  (S473  & 
T308)  was  not  changed  significantly  after  downregulation  of 
cav-1.  However,  downregulation  of  cav-1  reduced  the  response 
to  VEGF  stimulation  as  shown  in  reduced  phosphorylation  of 


VEGFR2  (Y951),  PLCyl  (Y783)  and  Akt  (S473  &  T308)  at  two 
time  points  (3  and  15  min)  as  compared  with  that  of  the  NC. 
Interestingly,  cav-1  phosphorylation  (Y14)  increased  significantly 
in  response  to  VEGF  at  both  5  and  15  min  and  in  both  NC  and 
cav-1  siRNA  (Fig.  2A). 
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Figure  IC.Cav-l  stimulates  the  VEGF/VEGFR2  induced  angiogenesis 
signaling  pathway.  (C)  cav-l'1'  ECs  were  plated  overnight  and  incubated 
with  3.0  pg/ml  of  rcav-l  in  EBM-2  for  8  h.  The  cells  were  then  treated 
with  mVEGF  (50  ng/ml)  for  0-15  min  and  lysed.  In  (A-C)  introducing 
cav-l  to  the  cells  significantly  increased  the  phosphorylation  of  VEGFR2, 
PLCyl  and  Akt  and  it  further  stimulated  their  response  to  VEGF  treat¬ 
ment.  Blots  shown  (A-C)  are  representative  of  three  independent 
experiments.  Bar  graphs  represent  densitometric  data  of  ratio  units  of 
selected  phosphorylated  protein  bands  per  total  protein  bands  relative 
to  that  in  the  untreated  and  unstimulated  controls. 


We  also  investigated  the  effect  of  cav-l  on  VEGF/VEGFR2 
signaling  in  FiUVECs  through  downregulation  of  cav-l  using 
cav-l  siRNA  transfection,  and  through  rcav-l  treatment  fol¬ 
lowed  by  stimulation  with  VEGF  in  FiUVECs  that  had  been 
previously  treated  with  cav-l  siRNA.  Using  a  double  transfec¬ 
tion  protocol,  the  cav-l  levels  were  reduced  significantly  after 
specific  cav-l  siRNA  treatment  (Fig.  2B).  Downregulation 
of  cav-l  in  FiUVECs  significantly  reduced  basal  and  VEGF- 
stimulated  phosphorylation  of  VEGFR2  (Y951),  PLCyl  (Y783) 
and  Akt  (S473  &  T308)  compared  to  those  treated  with  the  NC. 
Interestingly,  rcav-l  treatment  of  these  cells  restored  the  basal 
phosphorylation  status  of  these  signaling  molecules  and  partially 
restored  the  response  to  VEGF  stimulation,  i.e.,  P-VEGFR2, 
PLCyl  and  P-Akt  (Fig.  2B).  These  results  demonstrate  that 
cav-l  is  an  important  regulator  of  basal  and  VEGF-stimulated 
angiogenesis  signaling  in  prostate  cancer  cells  and  FiUVECs. 
Importantly,  rcav-l  restored  VEGF-stimulated  angiogenic  sig¬ 
naling  in  cav-l  siRNA  treated  HUVECs,  further  demonstrating 
a  potential  role  for  secreted  cav-l  in  vivo.7 

Cav-l  regulation  of  VEGF-stimulated  angiogenesis  signal¬ 
ing  is  associated  with  Cav-l  binding  to  VEGFR2  and  PLCyl. 
We  investigated  whether  VEGF  stimulation  of  angiogenesis  sig¬ 
naling  involves  cav-l-VEGFR2  and/or  cav-l-PLCyl  interaction 
and  direct  binding  that  may  sequester  these  molecules  to  specific 
cellular  compartments.  Amino  acid  sequence  analysis  revealed 
one  potential  cav-l-binding  motif  at  the  VEGFR2  C  termi¬ 
nus,  1089WSFGVLLWEIF1099,  and  the  PLCyl  molecule  revealed 
two  potential  cav-l-binding  consensus  sequence,  one  at  the  N 
terminus,  293FFLDEFVTF301,  and  the  other  at  the  C  terminus, 
1154FAFLRFVVY1162.  We  performed  reversed  coimmunopre- 
cipitation  using  HUVEC  lysates  under  high  stringency  in  the 
presence  of  NP-40.  VEGFR2  immunoprecipitation  complexes 
contained  cav-l,  and  cav-l  levels  were  increased  (70%)  follow¬ 
ing  VEGF  treatment  (Fig.  3A).  Similar  results  were  obtained 
in  the  reversed  coimmunoprecipitation  complexes,  in  which 
cav-l  immunoprecipitation  complexes  contained  VEGFR2,  and 
VEGFR2  levels  were  increased  (30%)  following  VEGF  treatment 
(Fig.  3A).  Interestingly,  cav-l,  and  VEGFR2  colocalization  was 
demonstrated  using  confocal  microscopy.  In  unstimulated  cells 
cav-l  and  VEGFR2  were  primarily  colocalized  in  the  plasma 
membrane,  and  after  treatment  with  VEGF  for  5  min  both 
VEGFR2  and  cav-l  were  internalized  to  the  cytoplasm  as  seen 
by  intracellular  punctuate  staining  (Fig.  3B).  Cav-l  and  PLCyl 
immunoprecipitation  experiments  also  revealed  PLCyl  in  the 
cav-l  coimmunoprecipitation  complexes,  and  PLCyl  levels  were 
increased  (60%)  following  VEGF  treatment.  Conversely,  PLCyl 
immunoprecipitation  complexes  contained  cav-l,  and  cav-l  lev¬ 
els  were  increased  (60%)  following  VEGF  treatment  (Fig.  3C). 
Confocal  microscopy  also  showed  a  similar  pattern  of  PLCyl  and 
cav-l  colocalization  to  those  of  VEGFR2  and  cav-l  in  unstimu¬ 
lated  and  VEGF-stimulated  cells  (Fig.  3D). 

These  results  demonstrate  that  VEGFR2  and  PLCyl  exist 
partially  bound  to  cav-l  in  FiUVECs  and  that  VEGF  treatment 
initially  increases  the  degree  of  association,  colocalization  and 
internalization,  suggesting  that  cav-l  participates  mechanisti¬ 
cally  in  VEGF-stimulated  angiogenic  responses  in  this  system. 
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CSD  inhibits  VEGF-stimulated  angiogenesis  signaling. 

We  previously  showed  that  rcav-1  lacking  CSD  failed  to  stimu¬ 
late  angiogenic  activities  in  cavl'1'  ECs,  including  tubule  for¬ 
mation,  migration  and  stimulation  of  eNOS  phosphorylation 
(SI  177). 7  These  results  showed  that  endocytosis  of  exogenous 
rcav-1  and  stimulation  of  angiogenic  activities  is  mediated  in 
part  by  CSD,  which  is  critical  for  cellular  internalization  of 
the  protein.  CSD  was  also  shown  by  others  to  inhibit  VEGF- 
induced  vascular  leakage  through  the  inhibition  of  eNOS.21  We 
first  tested  whether  the  CSD  peptide  can  penetrate  and  become 
internalized  in  HUVECs  without  requiring  a  peptide  carrier. 
Biotin-conjugated  peptide  and  scrambled  (s)  control  peptide 
were  incubated  with  HUVECs  in  serum  free  culture  medium. 
Both  the  CSD  and  the  control  sCSD  became  internalized  in 
HUVECs  and  distributed  throughout  the  cytoplasm  (Fig.  4A), 
demonstrating  that  CSD  readily  penetrates  and  is  internal¬ 
ized  without  requiring  the  antennapedia  (AP)  internalization 
sequence.21 

To  test  the  effect  of  CSD  on  VEGF-stimulated  angiogenesis 
signaling,  we  treated  HUVECs  with  CSD  peptide  in  serum  free 
medium  followed  by  treatment  with  VEGF.  CSD  treatment  of 
HUVECs  significantly  reduced  VEGF-stimulated  phosphoryla¬ 
tion  ofVEGFR2  (Y951),  PLCyl  (Y783)  and  Akt  (S473  &T308) 
as  compared  to  those  treated  with  control  sCSD  (Fig.  4B). 
Modest  reductions  in  basal  phosphorylation  levels  of  Akt  were 
observed  in  CSD-treated  compared  to  sCSD-treated  HUVECs 
(Fig.  4B).  These  data  demonstrate  that  CSD  inhibits  VEGF- 
stimulated  angiogenesis  signaling  through  inhibition  of  endog¬ 
enous  cav-1  function. 

VEGF-stimulated  tubule  formation  and  cell  migration  is 
mediated  by  Cav-1  and  inhibited  by  CSD.  EC  migration  and 
differentiation  are  important  events  for  angiogenesis  which 
involve  new  capillary  formation  from  preexisting  vessels.  To 
further  demonstrate  the  role  of  cav-1  in  VEGF-stimulated 
angiogenesis  in  vitro,  we  used  two  biological  assays,  tubule 
formation  and  wound  healing  migration,  in  which  HUVECs 
were  transfected  with  cav-1  siRNA  or  NC  and  then  treated 
with  VEGF  or  left  untreated.  VEGF  treatment  of  HUVECs 
increased  the  tubule  length  and  cell  migration  in  NC  trans¬ 
fected  cells  compared  to  their  untreated  counterparts,  but  this 
stimulatory  effect  of  VEGF  was  significantly  impaired  when 
cav-1  was  downregulated  (Fig.  5A-D).  Downregulation  of 
cav-1  by  transfection  with  specific  siRNA  in  unstimulated 
and  VEGF-stimulated  HUVECs  caused  a  significant  reduc¬ 
tion  in  tubule  length  (p  <  0.03,  and  p  <  0.01,  respectively;  Fig. 
5B)  and  the  number  of  migrated  cells  compared  with  that  of 
NC  (p  <  0.01,  and  p  <  0.01,  respectively;  Fig.  3D).  An  inter¬ 
esting  finding  was  that  CSD  treatment  of  unstimulated  and 
VEGF-stimulated  HUVECs  reduced  the  tubule  length  in 
NC-transfected  cells  (p  <  0.05,  and  p  <  0.01,  respectively;  Fig. 
5B),  but  not  in  cav-1  siRNA  transfected  cells  (Fig.  5B)  com¬ 
pared  to  treatment  with  sCSD.  Additionally,  CSD  treatment 
of  unstimulated  and  VEGF-stimulated  HUVECs  significantly 
reduced  cell  migration  in  NC-transfected  cells  (p  <  0.05,  and  p 
<  0.01,  respectively;  Fig.  5D),  and  in  cav-1  siRNA  transfected 
cells  (p  <  0.05,  and  p  <  0.05,  respectively;  Fig.  5D)  compared  to 
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Figure  2A.  Downregulation  of  cav-1  in  PC-3  cells  and  HUVECs  by 
cav-1  siRNA  impaired  the  VEGF/VEGFR2  angiogenesis  signaling  pathway. 
(A)  PC-3  cells  were  transfected  with  specific  cav-1  siRNA  or  a  control 
siRNA,  followed  by  incubation  with  SFM  for  8  h  prior  to  hVEGF  (25  ng/ 
ml)  treatment  for  0-15  min. 


treatment  with  sCSD.  These  results  show  that  downregulation 
of  cav-1  through  cav-1  siRNA  or  CSD  treatment  alone  led  to 
significant  reductions  of  angiogenic  activities  in  HUVECs,  and 
that  combining  the  two  treatments  yields  additive  or  synergis¬ 
tic  effects. 
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Figure  2B.  Downregulation  of  cav-1  in  PC-3  cells  and  HUVECs  by  cav-1  siRNA  impaired 
the  VEGF/VEGFR2  angiogenesis  signaling  pathway.  (B)  HUVECs  were  transfected  on  two 
consecutive  days  and  incubated  with  rcav-l  in  EBM-2  for  8  prior  to  treatment  with  hVEGF 
(25  ng/ml)  for  0-15  min.  Cav-1  downregulation  not  only  reduced  the  phosphorylation  status 
of  VEGFR2,  PLCyl  and  Akt  significantly  but  also  reduced  the  VEGF  stimulated  specific  phos¬ 
phorylation  sites  of  these  proteins.  Rcav-l  (3  pg/ml)  treatment  of  the  transfected  HUVECs 
restored  the  phosphorylation  and  the  VEGF  stimulated  phosphorylation  levels  of  VEGFR2, 
PLCyl  and  Akt.  Blots  shown  (A  and  B)  are  representative  of  three  independent  experiments. 
Bar  graphs  represent  densitometric  data  of  ratio  units  of  selected  phosphorylated  protein 
bands  per  total  protein  bands  relative  to  that  in  the  untreated  and  unstimulated  controls. 


The  molecular  mechanisms  involved  in 
VEGFR2-mediated  signaling  of  VEGF  stim¬ 
ulated  angiogenic  responses  in  cancer  cells 
and  ECs  are  still  poorly  understood.  The 
present  study  demonstrated  that  cav-1  plays 
a  critical  role  in  VEGF-stimulated  VEGFR2 
autophosphorylation  and  activation  of  down¬ 
stream  signaling  in  prostate  cancer  cells  and 
ECs,  possibly  through  compartmentalization 
of  the  signaling  molecules.  Despite  a  num¬ 
ber  of  reports  on  the  involvement  of  cav-1  in 
VEGF-stimulated  angiogenesis,  whether  cav-1 
is  a  stimulator  or  an  inhibitor  of  angiogenesis 
is  still  controversial.  Cav-1  was  shown  to  play 
an  important  role  in  VEGF-stimulated  angio¬ 
genic  activities  by  acting  both  as  a  negative 
regulator  of  VEGFR-2  activity  under  resting 
conditions  and  as  a  substrate  that  is  tyrosine- 
phosphorylated  under  activating  conditions.17 
In  addition,  cav-1  overexpression  was  reported 
to  enhance  endothelial  capillary  tubule  forma¬ 
tion.22  We  and  others  found  that  production 
of  nitric  oxide  and  tubule  formation  in  cav- 
l'1'  ECs  were  significantly  reduced  compared 
with  those  in  cav-l+l+  with  or  without  VEGF 
treatment.7,23  Localization  of  VEGFR2  within 
caveolae  was  found  to  be  essential  in  coupling 
VEGF-stimulated  VEGFR2  phosphorylation 
and  downstream  angiogenic  signaling,  and  it 
was  also  demonstrated  that  phosphorylated 
VEGFR2  dissociates  rapidly  from  caveolae 
following  stimulation.17  Recently,  Ikeda  et  al. 
reported  that  VEGF  stimulation  of  ECs  results 
in  the  phosphorylation  of  both  VEGFR2  and 
cav-1  (Y14)  and  that  the  two  molecules  remain 
associated  following  their  release  from  cave- 
olae/lipid  raft.19  These  reports  emphasize  the 
multiple  and  complex  functions  of  cav-1  in 
VEGF-stimulated  angiogenic  responses.  They 
further  reveal  that  the  mechanisms  through 
which  these  responses  are  mediated  are  still 
incompletely  understood. 

In  this  study  we  demonstrated  that  intro¬ 
duction  of  cav-1  through  adenoviral  vector- 
mediated  gene  transduction  or  rcav-l  treatment 
caused  a  significant  increase  in  VEGFR2 
phosphorylation  and  its  downstream  signaling 
effectors  in  the  cav-l-deficient  prostate  cancer 
cell  line  LP-LNCaP  and  in  cav-1'1'  ECs,  in 
both  the  presence  and  absence  of  exogenously 
added  VEGF.  We  previously  found  that  treat¬ 
ing  cav-1'1'  ECs  with  rcav-l  led  to  cellular 
internalization  of  rcav-l  followed  by  stimu¬ 
lation  of  angiogenic  activities  through  the 
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Figure  3.  Cav-1  interacts  with  VEGFR2  and  PLCyl  in  HUVEC.  The  cells  were  incubated  with  EBM-2  medium  for  8  h  and  stimulated  with  25  ng/ml  of 
VEGF  for  5  min.  (A)  Cell  lysates  were  immunoprecipitated  (IP)  with  either  anti-cav-l  or  anti-VEGFR2  rabbit  pAb,  and  mock  immunoprecipitates  with  IgG 
and  Protein  A/G  Plus  were  also  included.  The  coimmunoprecipitates  were  analyzed  by  western  blotting  (WB)  with  anti-cav-l  or  anti-VEGFR2  mouse  mAb. 
(B  and  D)  HUVECs  were  incubated  with  EBM-2  for  8  h  and  treated  with  hVEGF  (25  ng/ml)  for  5  min.  The  cells  were  fixed,  permeabilized  and  incubated 
with  anti-cav-l  rabbit  pAb,  anti-VEGFR2  mouse  mAb  in  (B),  and  anti-PLCyl  mouse  mAb  in  (D).  The  cells  were  dually  stained  with  FITC  anti-rabbit  IgG,  and 
TRITC  anti-mouse  IgG.  Nuclei  were  visualized  by  Hoechst  33342  staining.  (C)  Cell  lysates  were  immunoprecipitated  with  either  anti-cav-l  or  anti-PLCyl 
rabbit  pAb,  and  analyzed  by  western  blotting  with  anti-cav-l  or  anti-PLCyl  mouse  mAb.  Equal  amounts  of  cell  lysates  were  used  to  perform  immunopre- 
cipitation.  Blots  shown  in  (A  and  C)  are  representative  of  three  independent  experiments.  Quatifitication  by  denisometry  of  the  coimmunoprecipitated 
protein  bands  in  (A  and  C)  represent  the  ratio  units  of  bound  protein  in  VEGF  treated  preparations  with  respect  to  that  in  untreated  controls. 


PI3K-Akt-eNOS  pathway.7  Importantly,  we  further 
showed  that  rcav-1  internalization  and  stimulation 
of  angiogenic  responses  were  mediated  by  CSD. 
We  demonstrated  here  that  cav-1  is  critical  for  ECs 
to  maintain  maximal  angiogenic  signaling,  and 
that  VEGF  stimulation  of  angiogenesis  is  impaired 
without  moderate  levels  of  intracellular  cav-1. 
These  data  are  supported  by  the  demonstration  of 
angiogenic  responses  in  cav-1 ECs  when  relatively 
low  levels  of  cav-1  were  introduced  by  transfection 
of  cav-1  cDNA  into  these  cells.23  By  using  immuno- 
precipitation  and  immunostaining  we  showed  that 
cav-1  interacts  directly  with  VEGF  R2  or  PLCyl  and 
that  this  interaction  increases  in  cells  treated  with 
VEGF  (23  ng/ml)  for  5  min.  Cav-1  was  reported 
to  interact  with  VEGFR2  in  the  resting  state  but 
to  dissociate  from  VEGFR2  when  cells  are  treated 
with  VEGF,  which  also  leads  to  the  phosphoryla¬ 
tion  of  both  molecules.17  Another  group  reported 
that  cav-1  is  associated  with  VEGFR2  within 


Figure  4A.  CSD  inhibits  VEGF  and  cav-1  mediated  angiogenesis  signaling.  (A)  HUVECs 
were  treated  with  biotin  conjugated  CSD  or  sCSD  (5.0  pM)  in  EBM-2  for  8  h  and  were 
then  washed,  fixed,  permeabilized  and  stained  with  TRITC-Streptavidin.  The  internaliza¬ 
tion  of  CSD  and  sCSD  was  detected  on  confocal  microscopy  and  nuclei  were  visualized 
by  using  Hoechst  33342  staining. 
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Figure  4B.  CSD  inhibits  VEGF  and  cav-l  mediated  angiogenesis  signaling.  (B) 
HUVECs  were  plated  overnight  and  treated  with  CSD  or  sCSD  (5.0  pM)  in  EBM-2 
for  8  h.  The  cells  were  then  treated  with  hVEGF  (25  ng/ml)  for  0-15  min,  lysed  and 
western  blotted.  CSD  treatment  of  HUVEC  reduced  the  VEGF  stimulated  phos¬ 
phorylation  of  VEGFR2,  PLCyl  and  Akt  compared  with  that  obtained  with  sCSD 
treatment.  Blots  shown  are  representative  of  three  independent  experiments.  Bar 
graphs  represent  densitometric  data  of  ratio  units  of  phophorylated  protein  bands 
per  total  protein  bands  relative  to  that  in  the  untreated  and  unstimulated  controls. 


caveolae  and  that  VEGF  treatment  leads  to  phospho¬ 
rylation  of  both  molecules  and  their  release  from  the 
caveolae  as  a  complex.19  The  differences  between  the 
results  of  these  studies  may  be  explained  by  variations 
in  VEGF  concentration  and  treatment  times  or  by  the 
methods  used  in  the  analysis. 

In  the  past  decade,  the  list  of  proteins  localized  to 
the  caveolae  or  bound  to  cav-1  has  grown  and  includes 
G-protein-coupled  receptors,  growth  factors  receptors, 
tyrosine  kinases,  Ser/Thr  kinases,  enzymes,  cellular 
proteins /adaptors,  nuclear  proteins,  and  structural 
proteins.24  Most  of  the  reports  that  point  to  VEGFR2 
or  PLCyl  colocalization  within  caveolae  or  binding  to 
cav-1  have  been  based  on  immunofluorescence,  or  den¬ 
sity-gradient  centrifugation,  often  in  combination  with 
extraction  of  membrane  fractions  with  cold  Triton  X- 1 0  0 
to  isolate  detergent-resistant,  cav-1 -rich,  low  buoyancy 
membranes.  Co-fractionation  of  a  protein  with  these 
detergent-resistant  membranes  might  indicate  caveolar 
localization.  However,  such  fractionation  leads  to  the 
isolation  of  low-buoyant-density  fractions  and  has  the 
disadvantage  that  the  isolated  fractions  contain  both 
caveolae  and  non-caveolar  lipid  rafts.  Thus  additional 
studies  that  utilize  coimmunoprecipitation  combined 
with  immunofluorescence  or  electron  microscopy  are 
necessary  to  confirm  the  caveolar  localization  or  direct 
binding  of  a  given  protein  to  cav-1. 

In  primary  ECs  VEGFR2  is  localized  to  both  the 
plasma  membrane  and  endosomes.  VEGF  binding 
stimulates  VEGFR2  autophosphorylation,  internaliza¬ 
tion  and  the  subsequent  ubiquitination  necessary  for 
endosomal  sorting  events  that  lead  to  lysosomal  deg¬ 
radation.25  Our  results  showing  direct  cav-1  binding 
to  VEGFR2  before  and  after  VEGF  stimulation  sug¬ 
gest  an  important  role  for  cav-1  in  stabilizing  VEGFR2 
after  ligand  binding.  These  data  are  supported  by  cav-l  - 
VEGFR2  colocalization  and  internalization  5  min  after 
VEGFR2  stimulation  (Fig.  3).  Additional  studies  that 
address  the  kinetics  and  compartmentalization  of  cav-1 
following  VEGF  stimulation  will  further  clarify  this 
role.  It  is  also  of  interest  that  cav-1  binds  to  PLCyl  and 
that  cav-1 -PLCyl  colocalization  and  internalization  fol¬ 
low  a  pattern  that  is  similar  to  cav-1  and  VEGFR2  fol¬ 
lowing  VEGF  stimulation  in  HUVECs  (Fig.  3).  These 
data  imply  that  cav-1  is  involved  in  the  organization 
and  compartmentalization  of  multiple  signaling  mol¬ 
ecules  during  VEGF-stimulated  angiogenic  signaling. 

It  is  noteworthy  that  exogenously  added  rcav-1  func¬ 
tioned  similarly  to  endogenously  expressed  cav-1  in  cclv- 
1~'~  ECs  and  HUVECs  (Figs.  1  and  2).  Although,  in 
general,  the  signaling  responses  to  rcav-1  were  less  than 
those  elicited  by  cav-1  gene  transduction,  rcav-1  stimu¬ 
lation  ofVEGFR2  signaling  was  clear.  It  is  particularly 
interesting  that  rcav-1  treatment  significantly  increased 
VEGFR2  and  Akt  phosphorylation  in  cav-l'1'  ECs  and  HUVECs 
(Figs.  1C  and  2B).  This  result  extends  our  previous  analysis  of 
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Figure  5A  and  B.  VEGF-stimulated  tubule  formation  and  cell  migration  is  mediated  by  cav-l 
and  inhibited  by  CSD.  (A)  Representative  micrograph  shows  newly  formed  tubules  of  HUVECs 
transfected  with  cav-l  siRNA  or  NC  and  cultured  on  Matrigel  matrix  for  18  h  in  the  presences  and 
absence  of  hVEGF  (25  ng/ml),  and  treated  with  sCSD  or  CSD  (5  pM).  (B)  Bar  graph  represents  the 
relative  tubule  lengths  of  HUVECs  incubated  as  in  (A). 


the  effects  of  rcav-1  on  angiogenic  signal¬ 
ing  that  showed  virulent  prostate  cancer 
cells  secrete  biologically  active  cav-l.6 
Rcav-1  is  taken  up  by  cav-l  negative  tumor 
cells  and/or  ECs  leading  to  stimulation 
of  specific  angiogenic  activities  through 
the  PI3K-Akt-eNOS  signaling  module.7 
Activation  of  VEGFR2  signaling  in  pros¬ 
tate  cancer  cells  and  prostate  cancer  asso¬ 
ciated  ECs  by  prostate  cancer-derived, 
secreted  cav-l  presents  an  interesting 
paradigm  for  understanding  the  engage¬ 
ment  of  the  tumor  microenvironment  by 
cav-l.  Additional  studies  in  this  area  are 
warranted. 

In  this  paper  we  also  report  that  CSD 
treatment  can  inhibit  VEGF-stimulated 
angiogenic  signaling,  tubule  formation 
and  cell  migration.  To  date,  the  available 
data  on  the  effect  of  CSD  in  angiogenesis 
are  controversial,  with  no  consensus  yet 
reached  on  a  clearly  defined  mechanism 
of  action.  One  group  used  CSD  conju¬ 
gated  to  the  C  terminus  of  the  AP  and 
found  that  treatment  of  ECs  with  CSD 
led  to  enhanced  capillary  tubule  forma¬ 
tion.22  On  the  other  hand,  the  same  pep¬ 
tide,  cavtratin,  was  reported  to  inhibit 
eNOS -dependent  vascular  leakage  in 
established  tumors  by  enhancing  apopto¬ 
sis,  and  decreasing  tumor  angiogenesis.21 
Both  of  those  reports  suggested  that  the 
mechanism  of  cavtratin’s  action  is  similar 
to  that  of  molecular  cav-l,  in  that  the  pep¬ 
tide  functions  as  an  enhancer  of  capillary 
tubule  formation22  and  as  a  negative  regu¬ 
lator  of  eNOS;21  in  other  words,  the  CSD  acts  as  a  surrogate  of 
cav-E 

We  show  in  this  paper  that  CSD  treatment  led  to  a  reduc¬ 
tion  in  the  VEGF-stimulated  phosphorylation  of  VEGFR2, 
PLCyl  and  Akt  (Fig.  4).  We  further  show  that  CSD  inhibition  of 
angiogenesis  signaling  is  associated  with  inhibition  of  two  criti¬ 
cal  biological  activities  in  angiogenesis,  i.e.,  EC  tubule  formation 
and  migration  (Fig.  3).  Our  results  are  not  in  conflict  with  those 
of  the  previous  study  that  showed  CSD-mediated  inhibition  of 
angiogenesis.21  However,  our  results,  in  aggregate,  are  consistent 
with  a  mechanism  of  CSD  inhibition  of  cav-l -mediated,  VEGF- 
stimulated  angiogenesis,  rather  than  a  mechanism  through  which 
CSD  acts  as  a  “cav-l  surrogate”  for  angiogenesis  stimulation22  or 
inhibition.21 

Overall,  our  results  show  that  endogenously  expressed  or 
exogenously  added  cav-l  plays  an  important  role  in  VEGFR2 
autophosphorylation,  VEGF  mediated  signaling,  and  EC  tubule 
formation  and  migration  in  prostate  cancer  cells  and  ECs.  These 
activities  are  associated  with  cav-l  binding  to  and  compartmen- 
talization  with  VEGFR2  and  PLCyl.  Finally,  our  data  present  a 


novel  mechanism  for  potential  therapeutic  use  of  CSD  to  sup¬ 
press  angiogenic  signaling  in  prostate  cancer. 

Materials  and  Methods 

Cells,  antibodies  and  reagents.  ECs  from  cav-l'1'  mouse  aor¬ 
tas  were  isolated  and  prepared  and  grown  in  endothelium  growth 
medium  (EGM)  as  described  previously.7  HUVECs  (Lonza, 
Inc.,  Walkersville,  MD)  were  cultured  at  37°C  in  5%  C02  in 
EGM-2  Bullet  kit  medium  (Lonza).  Cells  from  passages  4  to  7 
were  used  for  these  studies.  LNCaP  and  PC-3  cells  were  obtained 
from  ATCC  and  maintained  at  37°C  in  5%  C02  in  complete 
RPMI1640  medium  supplemented  with  10%  fetal  bovine 
serum  (Atlanta  Biologicals,  Lawrenceville,  GA).  Anti-cav-1  and 
anti-VEGFR2  were  purchased  from  Santa  Cruz  Biotechnology 
(Santa  Cruz,  CA).  Anti-PLCyl,  anti-phospho  PLCyl  (Y783), 
anti-phospho-Akt  (T308),  and  anti-phospho  Akt  (S473)  were 
purchased  from  Cell  Signaling  Technology  (Danvers,  MA)  and 
anti-Phospho-cav-1,  anti-PLCyl  (mAh),  and  Akt  were  purchased 
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Figure  5C  and  D.  VEGF-stimulated  tubule  formation  and  cell  migration  is  mediated  by  cav-l 
and  inhibited  by  CSD.  (C)  Representative  micrograph  shows  wound  healing  migration  of  HUVECs 
transfected  with  siRNA  or  NC  and  treated  with  or  without  VEGF  (25  ng/ml)  and  with  sCSD  or 
CSD  (5pM).  (D)  Bar  graph  represents  the  relative  numbers  of  HUVECs  transfected  with  cav-l 
siRNA  or  NC  that  migrated  into  the  cleared  area  after  wounding  of  the  culture.  Cells  were 
treated  with  sCSD  or  CSD  and  hVEGF  for  24  h  and  the  number  of  migrated  cells  were  counted. 
The  ratios  in  (B  and  D)  represent  tubule  lengths  and  numbers  of  migrated  cells  relative  to  those  in 
cells  transfected  with  NC  and  treated  with  sCSD  and  hVEGF  condition  ±  SD  of  three  independent 
experiments,  p  values  in  (B  and  D)  were  determined  by  two-sided  t  test.  *statistically  significant 
difference  (*p  <  0.05,  **p  <  0.01),  NS  Columns,  mean  data;  error  bars,  SD. 


from  BD  Biosciences  (San  Jose,  CA).  Anti-phospho-VEGFR2 
(Y  951)  and  recombinant  human  and  mouse  VEGF  were  pur¬ 
chased  from  Invitrogen  (Carlsbad,  CA).  Rcav-1  was  purified  by 
the  modified  procedure  described  previously.7  The  CSD  (DGI 
WKA  SFT  TFT  VTK  YWF  YR)  peptide  and  its  control  scram¬ 
bled  CSD  (WGI  DKA  FFT  TST  VTY  KWF  RY)  conjugated  to 
biotin  through  its  N  terminal  were  purchased  from  Biosynthesis, 
Inc.,  (Lewisville,  TX). 

Small  interfering  RNA.  PC-3  cells  or  FiUVECs  were  trans¬ 
fected  with  cav-l  specific  small  interfering  RNA  (siRNA)  and 
negative  control  siRNA  constructs  (Ambion,  Inc.,  Austin,  TX) 
using  siPORT™  Amine  transfection  reagent  according  to  the 
manufacturer’s  instruction  (Ambion).  Briefly,  cells  were  trans¬ 
fected  with  20  nM  cav-l  siRNA  (on  two  consecutive  days  for 
HUVECs),  and  after  48  h,  cells  were  incubated  with  endothelium 
basal  medium-2  (EBM-2)  (Lonza,  Inc.,)  or  serum  free  medium 
(SFM,  for  PC-3  cells)  for  8  h  followed  by  recombinant  human 
(rh)  VEGF  (Invitrogen)  treatment  for  0—15  min.  The  cells  were 


lysed  in  RIPA  buffer  containing  protease 
inhibitor  cocktail  (Roche  Applied  Science, 
Indianapolis,  IN),  and  phosphatase  inhib¬ 
itor  cocktails  I  and  II  (Sigma,  Inc.,  St. 
Louis,  MO). 

Overexpression  of  Cav-l  in  low  passage 
LNCaP  and  Cav-l  7'  EC.  Recombinant 
adenoviral  vectors  containing  human 
cav-l  cDNA  (Adcav-1)  or  control  AdRSV 
without  a  cDNA  were  used  to  infect  low 
passage  LNCaP  (LP-LNCaP)  cells  at  a  mul¬ 
tiplicity  of  infection  (MOI)  of  10  or  cav-l' 
''  ECs  at  MOI  of  200.  Cells  were  infected 
in  SFM  for  3  h,  after  which  the  medium 
was  replaced  with  complete  medium  and 
incubated  for  48  h.  The  medium  was  then 
removed  and  cells  were  incubated  in  SFM 
(LP-LNCaP  cells)  or  EBM-2  {cav-l'1'  ECs 
)  for  8  h.  Recombinant  human  or  mouse 
VEGF  were  added  to  the  cells,  incubated 
for  0  to  15  min,  and  then  cells  were  lysed 
with  RIPA  lysis  buffer  containing  the  pro¬ 
tease  and  phosphatase  inhibitor  cocktails. 

Immunoprecipitation  and  western 
blotting.  For  immunoprecipitation,  cells 
were  solubilized  with  lysis  buffer  contain¬ 
ing  1%  NP-40,  50  mM  Tris-HCl  (pH 
7.5),  150  mM  NaCl,  10%  glycerol,  1  mM 
EGTA,  protease  inhibitor  cocktail,  and 
phosphatase  inhibitor  cocktails  I  and  II. 
Soluble  proteins  (0.5  mg)  were  precleared 
and  incubated  with  primary  antibody 
(2  jag)  overnight  at  4°C  with  shaking. 
Protein  A/G  Plus  Agarose  (Santa  Cruz 
Biotechnology)  was  added  and  incubated 
for  1  h,  after  which  the  bound  proteins 
were  washed  three  times  with  lysis  buffer, 
boiled  in  SDS  sample  buffer  and  analyzed 

by  western  blotting. 

The  proteins  were  transferred  onto  nitrocellulose  membrane, 
and  blotted  with  specific  antibody  and  antibody  detection  was 
performed  by  using  a  chemiluminescence-based  detection  system 
(Pierce  Biotechnology,  Rockford,  IL) .  Quantification  was  carried 
out  using  Nikon’s  NIS-Elements  AR  3.0  imaging  and  quantifi¬ 
cation  software;  data  expressed  as  the  ratio  units  of  phosphory- 
lated  protein  per  total  protein  relative  to  that  in  the  untreated  and 
unstimulated  controls. 

Immunofluoresence  microscopy.  Fixed  cells  were  permea- 
bilized  and  immunostained  using  the  following  primary  anti¬ 
bodies:  Rabbit  polyclonal  anti-cav-1  antibody  (pAb),  mouse 
monoclonal  (mAb)  anti-VEGFR2  (Santa  Cruz  Biotechnology) 
and  anti-PLCyl  mAb  (BD  Biosciences)  as  described  previously.7 
Cav-l  was  detected  with  anti-rabbit  fluorescein  isothiocyanate 
conjugated  (FITC)  (Jackson  Immuno  Research,  West  Grove, 
PA),  and  VEGFR2  and  PLCyl  were  detected  with  anti-mouse 
tetramethyl  rhodamine  isothiocyanate  conjugated  (TRITC) 
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(Invitrogen) .  Nuclei  were  visualized  using  Hoecgst  33342  stain¬ 
ing.  Immunostaining  was  analyzed  using  an  Olympus  1X71 
FV500  laser-scanning  confocal  microscope  with  photomultiplier 
tubes  (PMTs).  Images  were  visualized  using  an  Olympus  60x 
PlanApo  oil  immersion  objective  and  captured  using  FluoView 
v5.0  software  and  the  PMTs.  All  images  were  captured  using 
the  same  PMT  voltages,  which  were  determined  by  the  brightest 
experimental  conditions. 

Tubule  formation  assays.  The  tubule  formation  assay 
was  performed  as  described  previously.7  Briefly,  Cells  were 
trypsinized  counted  and  plated  on  Matrigel™  Matrix  (growth 
factor-reduced  matrigel;  BD  Biosciences)  coated  24  well-plates  in 
EGM-2  (Lonza,  Inc.,)  medium  containing  1%  fetal  calf  serum. 
After  16-20  h  of  incubation  at  37°C  in  3%  C02,  images  of  the 
tubules  formed  were  captured  by  phase  contrast  microscopy.  The 
tubule  lengths  in  each  well  were  measured  in  5  low-power  fields 
using  Nikon’s  NIS-Elements  AR  3.0  imaging  and  quantification 
software. 


Wound-healing  migration  assay.  The  wound-healing 
migration  assay  was  also  performed  as  described  previously.7 
Briefly,  FiUVECs  in  EGM-2  medium  were  incubated  for  16  h 
in  24-well  plates  to  70-80%  confluence.  A  straight  longitudi¬ 
nal  incision  was  made  on  the  monolayer  using  a  pipette  tip,  and 
the  cells  were  washed  with  EGM-2.  The  cells  were  then  reincu¬ 
bated  for  24  h  in  EGM-2  and  stained  using  the  FiEMA3  stain 
set  (Biochemical  Sciences  Inc.,  Swedesboro,  NJ)  according  to  the 
manufacturer’s  instructions.  The  cells  that  had  migrated  into  the 
cleared  area  were  counted  using  Nikon’s  NIS-Elements  AR  3.0 
colony  count  software. 

Statistical  analysis.  Differences  in  tubule  length  and  the 
number  of  migrated  cell  were  determined  by  unpaired  two-sided 
t  test,  using  StatView  software  (Version  5.0;  SAS  Institute). 
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Abstract 

Previously,  we  reported  that  caveolin-1  (cav-1)  is 
overexpressed  in  metastatic  prostate  cancer  and  that 
virulent  prostate  cancer  cells  secrete  biologically  active 
cav-1.  We  also  showed  that  cav-1  expression  leads  to 
prosurvival  activities  through  maintenance  of  activated 
Akt  and  that  cav-1  is  taken  up  by  other  cav-1 -negative 
tumor  cells  and/or  endothelial  cells,  leading  to  stimulation 
of  angiogenic  activities  through  PI-3-K-Akt-eNOS 
signaling.  To  analyze  the  functional  consequences 
of  cav-1  overexpression  on  the  development  and 
progression  of  prostate  cancer  in  vivo,  we  generated 
PBcav-1  transgenic  mice.  Adult  male  PBcav-1  mice 
showed  significantly  increased  prostatic  wet  weight  and 
higher  incidence  of  epithelial  hyperplasia  compared  with 
nontransgenic  littermates.  Increased  immunostaining 
for  cav-1,  proliferative  cell  nuclear  antigen,  P-Akt,  and 
reduced  nuclear  p27Kip1  staining  occurred  in  PBcav-1 
hyperplastic  prostatic  lesions.  PBcav-1  mice  showed 
increased  resistance  to  castration-induced  prostatic 
regression  and  elevated  serum  cav-1  levels  compared 
with  nontransgenic  littermates.  Intraprostatic  injection  of 
androgen-sensitive,  cav-1 -secreting  RM-9  mouse  prostate 
cancer  cells  resulted  in  tumors  that  were  larger  in 
PBcav-1  mice  than  in  nontransgenic  littermates  (P  =  0.04). 
Tail  vein  inoculation  of  RM-9  cells  produced  significantly 
more  experimental  lung  metastases  in  PBcav-1  males 
than  in  nontransgenic  male  littermates  (P  =  0.001), 
and  in  cav-1+,+  mice  than  in  cav-1~'~  mice  (P  =  0.041). 
Combination  treatment  with  surgical  castration  and 
systemic  cav-1  antibody  dramatically  reduced  the  number 
of  experimental  metastases.  These  experimental  data 
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suggest  a  causal  association  of  secreted  cav-1  and 
prostate  cancer  growth  and  progression.  (Mol  Cancer  Res 
2009;7(9):1 446-55) 

Introduction 

Caveolin-1  (cav-1)  is  a  major  structural  component  of  ca- 
veolae,  which  are  specialized  plasma  membrane  invagina¬ 
tions  that  are  involved  in  multiple  cellular  processes  such 
as  molecular  transport,  cell  adhesion,  and  signal  transduction 
(1,  2).  Although  under  some  conditions  cav-1  may  suppress 
tumorigenesis  (3),  cav-1  is  associated  with  and  contributes  to 
malignant  progression  through  various  mechanisms  (4-8).  A 
high  level  of  expression  of  intracellular  cav-1  is  associated 
with  metastatic  progression  of  human  prostate  cancer  (9, 
10)  and  other  malignancies,  including  lung  (11),  renal  (12), 
and  esophageal  squamous  cell  cancers  (13). 

It  has  been  shown  that  virulent  prostate  cancer  cell  lines 
secrete  biologically  active  cav-1  protein  in  vitro ,  and  cav-1 
promotes  prostate  cancer  cell  viability  and  clonal  growth 
(14-16).  The  cancer-promoting  effects  of  secreted  cav-1  in¬ 
clude  antiapoptotic  activities  similar  to  those  observed  fol¬ 
lowing  enforced  expression  of  cav-1  within  the  cells  (14, 
17).  In  addition  to  demonstrating  cav-1 -mediated  autocrine 
activities,  we  recently  showed  that  recombinant  cav-1  protein 
is  taken  up  by  prostate  cancer  cells  and  endothelial  cells 
in  vitro  and  that  recombinant  cav-1  increases  angiogenic  ac¬ 
tivities  in  vitro  and  in  vivo  by  activating  Akt-  and/or  NOS- 
mediated  signaling  (18).  We  also  documented  significantly 
higher  serum  cav-1  levels  in  men  with  prostate  cancer  than 
in  men  with  benign  prostatic  hyperplasia  (18)  and  also  in 
patients  with  elevated  risk  of  cancer  recurrence  after  radical 
prostatectomy  (19). 

Expression  and  secretion  of  cav-1  by  prostate  cancer 
cells  is  a  unique  concept  in  malignant  progression.  The 
autocrine  and  paracrine  activities  of  cav-1  mediated  through 
activation  of  Akt  and/or  NOS  signaling  may  lead  to  perva¬ 
sive  engagement  of  the  local  tumor  microenvironment,  in¬ 
volving  but  not  limited  to  the  proangiogenic  activities  we 
previously  showed. 

One  of  the  goals  of  this  project  was  to  identify  specific 
phenotypic  alterations  that  result  from  cav-1  overexpression 
in  prostate  cancer;  to  do  that,  we  generated  transgenic  mice 
with  targeted  overexpression  of  cav-1  in  the  prostate  using 
the  short  rat  probasin  (PB)  promoter,  yielding  PBcav-1  mice. 
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Immuno staining  analysis  showed  that  cav-1  overexpression 
resulted  in  prostatic  epithelial  hyperplasia  accompanied  by 
increased  levels  of  P-Akt.  PBcav-1  prostatic  tissues  showed 
reduced  androgen  sensitivity  under  castration-induced  regres¬ 
sion  but  not  to  exogenous  testosterone  stimulation  in  vivo. 
We  found  not  only  those  prostatic  epithelial  cells  derived  from 
PBcav-1  mouse  possessed  the  capacity  to  secrete  cav-1  but  also 
that  serum  cav-1  levels  in  PBcav-1  male  mice  were  higher 
than  the  nontransgenic  littermates.  Lastly,  cav-1 -expressing, 
androgen-sensitive  mouse  prostate  cancer  cell  line,  RM-9, 
was  injected  intrapro statically  to  PBcav-1  mice  and  their  non¬ 
transgenic  littermates  to  establish  orthotopic  tumors,  or  i.v.  to 
PBcav-1,  their  nontransgenic  littermate,  cav-l~'~  and  cav-l+l+, 
male  mice  to  establish  experimental  metastases.  The  results 
of  these  studies  showed  that  locally  secreted  cav-1  was  asso¬ 
ciated  with  increased  RM-9  orthotopic  tumor  growth  and  that 
serum  cav-1  levels  were  positively  associated  with  increased 
RM-9  metastatic  activities.  Furthermore,  the  data  suggest 
combined  androgen  deprivation  with  cav-1  antibody  (Ab) 
treatment,  or  cav-1  Ab  alone,  is  potential  therapy  for  meta¬ 
static  prostate  cancer. 

Results 

Cav-1  Expression  in  PBcav-1  Transgenic  Mice 

To  generate  transgenic  mice  with  prostate-specific  expres¬ 
sion  of  cav-1,  we  constructed  a  vector  expressing  mouse 
cav-1  cDNA  under  the  transcriptional  regulation  of  the  andro¬ 
gen-responsive  short  PB  promoter  (Fig.  1A)  that  restricts  trans¬ 
gene  expression  to  the  mouse  prostate  (20,  21).  Transgenic  mice 
were  generated  by  pronuclear  injection  of  linearized  vector 
DNA,  and  three  independent  founder  lines  (#8489,  #8041, 
and  #8647)  were  identified  by  PCR  using  transgene-specific  pri¬ 
mers.  Preliminary  comparative  expression  analysis  of  those 
three  transgenic  mouse  lines  using  reverse  transcription-PCR 
showed  that  all  three  expressed  the  transgene  in  the  prostate  at 
various  levels  of  specificity  (data  not  shown).  Because  the 
PBcav-1  transgenic  mouse  line  #8489  showed  the  most  robust 
pro  state- specific  expression  of  transgene,  it  was  chosen  for  anal¬ 
ysis  in  the  experiments  described  here. 

To  analyze  the  specificity  of  transgene  expression,  RNA  was 
isolated  from  the  ventral,  dorsolateral,  and  anterior  prostate 
lobes  as  well  as  from  multiple  mouse  tissues  and  subjected  to 
RT-PCR  analysis  with  the  transgene-specific  primers  PI  and  P2 
(Supplementary  SI  A;  Fig.  1A).  Quantitative  reverse  transcrip- 
tion-PCR  analysis  of  cav-1  RNA  revealed  higher  cav-1  RNA 
expression  in  the  ventral  and  dorsolateral  prostatic  lobes  of 
PBcav-1  mice  (2.0-  and  1.5-fold,  respectively)  than  in  the  non¬ 
transgenic  mice  (Fig.  IB)  but  relatively  low  to  no  detectable 
levels  of  cav-1  transgene  expressions  in  the  testes,  seminal  ve¬ 
sicles,  spleen,  kidney,  and  liver  (Supplementary  Fig.  SI  A). 

Cav-1  protein  levels  in  prostatic  tissues  were  analyzed  by 
Western  blotting.  Cav-1  protein  was  detected  in  all  lobes  of 
the  prostates  with  the  dorsolateral  lobe  having  the  highest 
and  anterior  lobe  the  lowest  cav-1  levels  in  the  nontransgenic 
animals.  Invariably,  the  cav-1  level  in  each  lobe  was  signifi¬ 
cantly  higher  in  the  transgenic  mice  than  that  in  the  nontrans¬ 
genic  littermates,  although  the  largest  transgenic  induction  of 
cav-1  was  seen  in  the  ventral  lobe  (Fig.  1C).  The  levels  of  total 


cav-1  protein  in  other  organs  of  the  PBcav-1  male  mice  were 
comparable  with  those  in  their  nontransgenic  counterparts 
(Supplementary  Fig.  SIB),  confirming  the  prostate-specific  ex¬ 
pression  of  the  cav-1  transgene. 

Cav-1  Overexpression  in  Prostatic  Tissue  Induces 
Prostatic  Hyperplasia 

To  study  the  effect  of  cav-1  overexpression  on  mouse  pros¬ 
tate  development,  histopathologic  and  immunohistochemical 
analysis  was  done  on  samples  obtained  at  necropsy  from  the 
group  of  11-  to  13-month-old  PBcav-1  transgenic  ( n  =  28) 
and  the  nontransgenic  littermates  (wild-type;  n  =  29).  The 
wet  weight  of  the  whole  prostate  glands  from  PBcav-1  trans¬ 
genic  mice  was  significantly  greater  than  that  of  their  nontrans¬ 
genic  littermates  (Fig.  2A).  The  prostate  glands  of  the 
transgenic  mice  also  displayed  a  higher  incidence  of  epithelial 
hyperplasia  than  the  nontransgenic  littermates  did  (43%  versus 
6.8%).  More  strikingly,  18%  of  the  PBcav-1  transgenic  mouse 
prostates  were  characterized  by  the  presence  of  focal  dysplastic 
glandular  epithelium  with  disorganized  multicellular  layers,  in¬ 
traepithelial  space  formation,  and  nuclear  atypia  (Fig.  ID)  in 
addition  to  the  hyperplasia.  Focal  stromal  hyperplasia  was  also 
seen  in  7%  of  the  transgenic  mouse  prostates  (Fig.  ID).  Inter¬ 
estingly,  these  lesions  were  focal  and  restricted  to  the  ventral 
and  dorsolateral  lobes  and  they  were  not  observed  in  the  anterior 
lobe  of  the  transgenic  prostates.  The  epithelial  lesions  in  the 
PBcav-1  mice  showed  strongly  positive  cytoplasmic  staining 
for  both  cav-1  and  P-Akt  proteins  (Fig.  IE).  In  the  lesion-free 
regions  of  the  transgenic  mouse  prostates  and  in  the  nontrans¬ 
genic  mouse  prostate  tissues,  the  glandular  epithelium  was  neg¬ 
ative  or  minimally  positive  for  cav-1  and  P-Akt  staining  (data 
not  shown;  Fig.  IE).  Cav-1  was  expressed  abundantly  in  the 
stromal  cells  of  all  prostate  tissues.  However,  in  the  PBcav-1 
prostate  tissues,  some  stromal  cells  that  surround  the  epithelial 
lesions  tended  to  have  reduced  cav-1  expression.  The  prostatic 
epithelium  also  showed  increased  proliferating  cell  nuclear  an¬ 
tigen  (PCNA)  staining  (Fig.  2B)  and  reduced  nuclear  p27Kipl 
staining  in  PBcav-1  mice  with  hyperplastic  lesions  compared 
with  the  normal  epithelium  of  prostate  tissues  in  the  nontrans¬ 
genic  mice  (Fig.  2C  and  D),  although  no  significant  difference 
was  found  in  immuno  staining  between  the  lesion- free  PBcav-1 
mouse  prostates  and  that  in  the  nontransgenic  mouse  prostates 
(data  not  shown). 

Reduced  Androgen  Sensitivity  in  PBcav-1  Prostatic 
Tissues 

PBcav-1  adult  male  mice  and  their  nontransgenic  litter¬ 
mates  were  subjected  to  surgical  castration,  surgical  castration 
plus  testosterone  pellet  implantation,  or  sham  operations. 
Twenty-one  days  following  these  procedures,  animals  were 
euthanized,  and  the  whole  prostatic  tissues  were  evaluated. 
Analysis  of  whole  prostatic  wet  weights  showed  resistance 
to  castration-induced  regression  in  PBcav-1  mouse  prostate 
tissues,  compared  with  that  in  the  nontransgenic  littermates 
(P  =  0.04;  Fig.  3 A).  However,  PBcav-1  prostatic  tissues 
showed  no  significant  increase  in  responsiveness  to  testoster¬ 
one  stimulation,  compared  with  those  from  the  nontransgenic 
littermates  (P  =  0.58;  Fig.  3B). 
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FIGURE  1.  Generation  and  expression  analysis  of  PBcav-1  transgenic  mice  with  prostate  specific  cav-1  expression.  A.  Schematic  representation  of 
PBcav-1  transgene  construct.  B.  Relative  levels  of  total  cav-1  mRNA  or  Cav-1  protein  (C)  in  ventral  prostate  {VP),  dorsolateral  prostate  {DLP),  and  anterior 
prostate  {AP)  for  nontransgenic  {WT)  and  PBcav-1  transgenic  ( TG )  male  mice  was  determined  by  quantitative  real-time  PCR  and  Western  blotting,  respec¬ 
tively.  D.  Histologic  analysis  of  the  ventral  lobe  mouse  prostate  (H&E).  Compared  with  the  benign  prostatic  tissue  of  nontransgenic  ( top  left),  the  PBcav-1 
transgenic  prostates  developed  hyperplastic  glandular  epithelia  ( bottom  left)  and  dysplasic  epithelial  lesions  {right)  characterized  by  multiple  layers  of  cells, 
nuclear  irregularity  {arrow  in  top  right  indicates  an  enlarged  nucleus)  and  intraepithelial  space  formation  {star  in  bottom  right),  and  focal  stromal  hyperplasia 
{SH,  bottom  right).  E.  Immunohistochemical  analysis  of  cav-1  and  P-Akt  expression  in  the  ventral  lobe  of  nontransgenic  and  PBcav-1  mouse  prostate. 


Serum  Cav-1  Levels  and  Prostate  Secretion  Levels  in 
PBcav-1  Mice  Were  Higher 

It  has  been  reported  that  human  and  mouse  prostate  can¬ 
cer  cells  overexpress  and  secrete  cav-1  protein  (14-16)  and 
that  patients  with  prostate  cancer  show  relatively  high  levels 
of  serum  cav-1  (18).  To  test  the  secretory  potential  of  the 
mouse  prostate  gland,  we  performed  24-hour  organ  cultures 
of  prostates  collected  from  PBcav-1  mice  and  nontransgenic 
littermates.  Western  blotting  analysis  of  the  organ-culture  me¬ 
dium  from  PBcav-1  mice  prostates  revealed  considerably 
higher  cav-1  protein  secretion  compared  with  those  of  non¬ 
transgenic  mice  prostates  (Fig.  4A).  We  further  measured 
serum  cav-1  in  PBcav-1  mice,  in  their  nontransgenic  litter¬ 
mates,  and  in  cav-l~f~  and  cav-l+,+  (22)  adult  male  mice.  Se¬ 
rum  cav-1  levels  were  significantly  higher  in  PBcav-1 
transgenic  male  mice  than  in  the  nontransgenic  mice,  and  as 
expected,  serum  cav-1  levels  were  lower  in  cav~r'~  adult  male 
mice  than  they  were  in  genetically  matched  cav-l+/+  adult  male 
mice  (Fig.  4B). 


Greater  RM-9  Experimental  Metastasis  and  Orthotopic 
Prostate  Tumor  Growth  in  PBcav-1  Mice 

To  test  the  effect  of  secreted  cav-1  on  prostate  cancer 
cell  growth  and  metastasis  formation  in  vivo ,  the  androgen- 
sensitive,  cav-1 -secreting  RM-9  mouse  prostate  cancer  cells 
(23,  24)  were  injected  into  adult  male  PBcav-1  mice  and 
their  nontransgenic  littermates  through  two  different  routes: 
intrapro statically  (dorsolateral  prostate)  and  i.v.  (tail  vein). 
Direct  dorsolateral  prostate  injection  of  RM-9  cells  formed 
significantly  larger  orthotopic  prostate  tumors  in  PBcav-1 
mice  than  in  their  nontransgenic  littermates  after  21  days 
(Fig.  5 A  and  B).  The  result  is  consistent  with  those  from 
our  previous  study  that  showed  RM-9  cells  formed  signifi¬ 
cantly  larger  orthotopic  tumors  in  cav-l+l+  than  in  cav-l~f~ 
male  mice  (18). 

For  experimental  metastasis  model,  RM-9  cells  were  in¬ 
jected  into  the  tail  vein  of  PBcav-1  mice  and  their  nontrans¬ 
genic  littermates.  After  21  days,  the  mice  were  euthanized, 
and  the  lung  tumor  nodules  on  the  lung  surface  were 
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counted,  and  also  the  sizes  of  the  tumor  nodules  were  mea¬ 
sured  to  evaluate  the  lung  tumor  burden.  Both  the  numbers 
and  sizes  of  the  tumor  nodules  in  the  PBcav-1  mice  were 
significantly  greater  than  they  were  in  the  nontransgenic 
hosts  (Fig.  5A,  C,  and  D).  Representative  pictures  of  the 
lung  tumor  nodules  from  both  PBcav-1  and  their  nontrans¬ 
genic  littermates  are  shown  in  Fig.  5C.  PCNA  and  terminal 
deoxynucleotidyl  transferase-mediated  dUTP  nick  end  label¬ 
ing  (TUNEL)  immuno staining  on  the  lung  tumor  nodules 
from  PBcav-1  mice,  and  their  nontransgenic  littermates  were 
done  to  compare  the  proliferative  and  apoptotic  activities.  Al¬ 
though  PCNA  immunostaining  was  relatively  higher  in  the 
RM-9  metastatic  nodules  from  PBcav-1  mice,  the  difference 
from  that  in  nontransgenic  littermates  was  not  statistically 
significant  (data  not  shown).  However,  positivity  of  TUNEL 
immunostaining  was  significantly  less  in  the  RM-9  lung  tu¬ 
mor  nodules  from  PBcav-1  mice  than  that  in  the  nontrans¬ 
genic  littermates  (Fig.  5E). 

Up-Regulation  of  Cav-1,  P-Akt,  and  Vascular  Endothelial 
Growth  Factor  in  PBcav-1  Lung  Tumor  Nodules 

To  study  molecular  pathways  associated  with  reduced  apo¬ 
ptosis  in  lung  tumor  nodules  from  PBcav-1  mice,  we  analyzed 
the  expression  of  cav-1  and  its  downstream  protein  target  P-Akt, 
which  is  involved  in  cell  proliferation  and  apoptosis  (25-27), 
and  that  of  the  Akt-regulated  vascular  endothelial  growth  factor 
(VEGF;  refs.  28-30)  using  Western  blotting.  Both  normal  lung 
tissue  taken  from  lungs  that  harbored  RM-9  lung  tumor  nodules 
and  RM-9  lung  tumor  nodules  from  PBcav-1  mice  and  their 
nontransgenic  littermates  were  microdissected,  lysed,  and  ana¬ 
lyzed  by  immunoblotting. 

There  were  no  significant  differences  between  the  levels  of 
cav-1,  P-Akt,  total  Akt,  and  VEGF  immunostaining  in  the 
PBcav-1  mice  and  those  in  their  nontransgenic  littermates  for 
the  normal  lung  tissues  (Fig.  6 A  and  C).  However,  in  the  lung 
tumor  nodules  isolated  from  PBcav-1  mice,  the  expression  le¬ 
vels  of  cav-1,  P-Akt,  and  VEGF  were  significantly  up-regulated 


relative  to  the  tumor  lung  nodules  from  nontransgenic  litter¬ 
mates  (Fig.  6B  and  C).  We  also  analyzed  serum  VEGF  levels 
in  metastasis-bearing  PBcav-1  mice  and  their  nontransgenic  lit¬ 
termates.  Serum  levels  of  VEGF  in  PBcav-1  mice  bearing  RM-9 
lung  metastases  were  significantly  higher  than  in  the  tumor¬ 
bearing  nontransgenic  littermates  or  in  nontumor  bearing 
PBcav-1  mice.  However,  no  difference  was  found  between  the 
nontumor  bearing  mice  of  both  types  (Fig.  6D). 

To  detect  any  association  between  relatively  high-serum 
VEGF  levels  and  the  number  of  lung  metastases  in  PBcav-1 
mice  and  their  nontransgenic  littermates,  we  performed  regres¬ 
sion  analysis.  A  significant  correlation  between  serum  VEGF 
level  and  the  number  of  experimental  lung  metastases  was 
observed  in  PBcav-1  mice  (correlation  coefficient,  0.639; 
P  =  0.0268)  but  not  in  the  control  mice  (data  not  shown).  These 
data  suggest  that  high  serum  level  of  VEGF  is  not  due  exclu¬ 
sively  to  the  host  associated  effect  but  rather  reflects  an  inter¬ 
action  between  the  host  and  the  presence  of  metastatic  lung 
tumor  nodules. 

Suppression  of  Experimental  Metastasis  by  Combined 
Androgen  Deprivation  and  Cav-1  Ab  Treatment 

To  analyze  the  effects  of  testicular  androgens  and/or  serum 
cav-1  on  experimental  metastatic  activities,  surgical  castration 
and  i.p.  cav-1  Ab  were  administered  to  cohorts  of  four  different 
genotypes  of  adult  male  mice-PBcav-1,  nontransgenic  litter¬ 
mates,  cav-1  ~/_,  and  cav-l+/+  (20).  These  four  cohorts,  which 
showed  various  serum  cav-1  levels  (Fig.  4B),  were  injected 
with  RM-9  prostate  cancer  cells  via  tail  vein.  Two  days  after 
the  tumor  cell  injections,  the  mice  were  randomized  and  treated 
with  either  sham  +  HBSS,  castration  +  HBSS,  rabbit  IgG,  cav-1 
Ab,  or  castration  +  cav-1  Ab  (Fig.  7 A).  The  treatments  were 
given  i.p.  every  other  day  for  21  days.  At  the  end  of  the  time 
course,  the  number  of  lung  tumor  nodules  were  scored  and 
compared  among  the  treatment  groups  for  each  mouse  geno¬ 
type.  Control  rabbit  IgG  treatment  produced  similar  results  as 
the  control  sham  +  HBSS  treatment  (P  =  0.31-0.68)  in  all  four 


A 


FIGURE  2.  Prostatic  epithelial 
hyperplasia  in  PBcav-1  male  mice. 
A.  Increased  prostate  wet  weight  in 
PBcav-1  mice  ( TG ).  B.  Higher 
number  of  PCNA  positive  cells 
(%).  C.  Reduced  nuclear  p27  Kip1 
staining  compared  with  that  in  non¬ 
transgenic  littermates  (1/1/7).  D. 
Quantitative  (%)  representation  of 
nuclear  p27Kip1  staining  in  mouse 
prostate  tissues. 
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mouse  genotypes.  Compared  with  sham  +  HBSS  treatment, 
surgical  castration  resulted  in  significant  suppression  in  the 
number  of  lung  tumor  nodules  in  all  four  mouse  genotypes 
(P  =  0.0002).  Interestingly,  the  cohort  of  cav-l~f~  mice  showed 
the  greatest  reduction  in  the  lung  tumor  nodules  by  castration 
treatment  (85%  reduction  from  sham  +  HBSS)  among  the  four 
genotypes.  As  expected,  the  highest  numbers  of  lung  tumor 
nodules  were  found  in  PBcav-1  mice  (five  times  more  than 
cav-l~f~  mice),  and  this  group  benefited  most  from  cav-1  Ab 
treatment  (83%  reduction  in  sham  +  HBSS).  Although,  exten¬ 
sive  lung  tumor  nodule  formation  occurred  in  the  PBcav-1 
sham+  HBSS  control  treatment  group  [number  of  lung  tumor 
nodules  ( n )  =  20.3],  the  PBcav-1  cav-1  Ab  treatment  group 
showed  a  significantly  reduced  number  of  lung  tumor  nodules 
(n  =  3.4),  almost  to  the  level  found  in  cav-l~f~  Ab  treatment 
group  ( n  =  2.2).  Generally,  suppression  of  lung  metastases  by 
cav-1  Ab  treatment  was  much  more  extensive  ( P  <  0.0001) 
than  suppression  by  castration  treatment  in  all  the  genotypes 
of  the  mice  except  in  the  cohort  of  cav-l~f~  mice  (Fig.  7B). 
However,  the  difference  in  actual  number  of  tumor  lung 
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FIGURE  3.  Androgenic  manipulation  of  PBcav-1  and  nontransgenic 
adult  male  mice.  A.  Resistance  to  castration  induced  prostatic  regression 
in  PBcav-1  (773)  male  mice  compared  with  nontransgenic  littermates  (WT) 
and  (B)  androgen-stimulated  prostatic  growth  in  PBcav-1  male  mice  was 
comparable  with  nontransgenic  littermates.  The  wet  weight  of  whole 
mouse  prostate  was  measured  21  d  after  castration.  Testosterone  pellets 
(7)  were  implanted  same  day  of  the  surgical  castration.  The  data  represent 
relative  wet  weight  change  compared  with  the  sham-treated  group  for 
PBcav-1  and  nontransgenic  cohorts. 
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FIGURE  4.  Prostatic  cav-1  secretion  and  serum  cav-1  level  compari¬ 
sons.  A.  Western  blotting  analysis  of  the  conditioned  medium  collected 
from  in  vitro  24-h  organ  culture  of  prostates  from  three  nontransgenic 
(WT)  and  three  PBcav-1  (TG)  mice  (left).  Cav-1  levels  in  prostate  tissue  ly¬ 
sates  served  as  positive  controls  (right).  B.  Serum  cav-1  levels  of  cav-T  ~, 
cav-1+/+,  PBcav-1  ~  (nontransgenic),  and  PBcav-1 +  (transgenic)  male  mice 
determined  by  ELISA. 


nodules  between  castration  and  cav-1  Ab  treatment  for  cav-l~f~ 
mice  is  marginal  and  not  statistically  significant  (n  =  0.6  versus 
2.2;  P  =  0.06).  The  combination  of  androgen  deprivation  by  cas¬ 
tration  and  cav-1  Ab  treatment  resulted  in  suppression  of  exper¬ 
imental  metastasis  similar  to  the  suppression  produced  by  cav-1 
Ab  treatment  alone  in  all  four  genotype  cohorts. 


Discussion 

Here,  we  report  generation  and  characterization  of  PBcav-1 
transgenic  mice,  which  express  prostate-specific  cav-1  under 
the  transcriptional  regulation  of  the  short  PB  promoter.  The 
transgenic  mice  expressed  relatively  high  levels  of  cav-1  in 
prostatic  tissues,  which  was  associated  with  the  development 
of  prostatic  epithelial  hyperplasia.  Overexpression  of  cav-1 
led  to  stabilization  of  P-Akt,  reduced  nuclear  p27Kipl  stain¬ 
ing,  and  increased  PCNA  staining  in  the  hyperplastic  prostatic 
epithelia  of  male  PBcav-1  animals  (Figs.  1  and  2).  This 
up-regulation  of  P-Akt  and  reduction  in  nuclear  p27Kipl  is 
consistent  with  our  previous  data  demonstrating  a  novel 
mechanism  of  Akt  stabilization  mediated  through  cav-1  bind¬ 
ing  to  and  inhibition  of  protein  phosphatase  2 A  (17,  31).  It  is 
of  interest  to  note  that  these  cav- 1 -mediated  activities  are 
associated  with  epithelial  hyperplasia  and  epithelial  atypia 
but  not  with  prostate  cancer  and  thus  the  data  suggest  addi¬ 
tional  oncogenic  pathways  are  required  for  the  transformation 
of  prostatic  epithelium. 

We  further  characterized  the  responses  of  the  prostatic 
tissues  to  androgen  deprivation  and  stimulation  through 
the  use  of  surgical  castration  and  exogenous  testosterone 
stimulation  in  vivo.  The  results  indicated  that  prostatic 
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tissues  of  PBcav-1  transgenic  mice  were  refractory  to  cas¬ 
tration-induced  regression  but  were  not  overly  sensitive  to 
the  stimulatory  effects  of  exogenous  testosterone  relative 
to  those  in  their  nontransgenic  littermates  (Fig.  2).  Although 
these  data  are  consistent  with  increased  levels  of  P-Akt,  fur¬ 
ther  studies  are  necessary  to  test  whether  stabilization  of 
P-Akt  by  cav-1  underlies  these  aberrant  responses  to  hormonal 
manipulation. 

Recently,  we  reported  that  secreted  cav-1  protein  is  taken  up 
by  prostate  cancer  cells  and  cancer-associated  endothelial  cells 
and  through  this  process  stimulates  Akt-mediated  angiogenic 
activities  (18).  To  better  understand  the  biological  and  potential 
clinical  significance  of  prostate  cancer  cell-derived  secreted 
cav-1,  we  tested  the  capacity  of  PBcav-1  mouse  prostatic  tis¬ 
sues  to  secrete  cav-1  and  to  produce  relatively  high  serum 
cav-1  levels.  What  we  found  was  that  PBcav-1  transgenic  mice 
prostate  indeed  secreted  more  cav-1  and  had  higher  serum  cav-1 
levels  than  their  nontransgenic  littermates  (Fig.  4).  These  data 
led  us  to  reason  that  the  relatively  high  serum  cav-1  level  de¬ 
rived  from  PBcav-1  mouse  prostatic  tissues  could  stimulate 
the  growth  of  local  prostate  tumors  and  the  development  of  dis¬ 
tant  prostate  cancer  metastases. 

As  postulated,  PBcav-1  mice  produced  significantly  larger 
tumors  from  direct  dorsolateral  prostate  injection  of  RM-9 
mouse  prostate  cancer  cells  compared  with  their  nontransgenic 
littermates  after  21  days.  Given  the  prosurvival  and  proangio- 


genic  activities  of  cav-1  within  the  context  of  prostate  cancer 
and  other  malignancies  (4-8),  it  is  interesting  to  speculate 
whether  cav-1  secretion  from  premalignant  cells  contributes 
to  a  “field  effect.”  Further  studies  may  reveal  a  role  for  cav-1 
expression  in  the  development  of  hyperplastic  and/or  premalig¬ 
nant  prostatic  lesions,  including  the  establishment  of  a  tumor- 
promoting  environment. 

The  results  of  our  experimental  metastasis  analyses  using 
RM-9  cells  also  showed  that  host-associated  factors  promoted 
the  growth  of  experimental  lung  metastases  in  PBcav-1  mice 
compared  with  that  in  the  nontransgenic  littermates  (Fig.  5). 
Lower  apoptotic  activity  and  higher  P-Akt  levels  in  the 
PBcav-1  mice  compared  with  those  in  the  nontransgenic  litter- 
mates  (Fig.  5E  and  6E-C)  are  consistent  with  the  uptake  of 
serum  cav-1  and  with  cav-1 -mediated  stabilization  of  P-Akt 
levels  in  metastatic  cells.  Although  a  statistically  significant 
increase  in  tumor-associated  angiogenesis  was  not  documen¬ 
ted  in  metastases  in  the  PBcav-1  mice  compared  with  those  in 
the  nontransgenic  littermates,  we  did  observe  greater  VEGF 
expression  in  the  metastases  and  greater  serum  VEGF  levels 
in  the  tumor-bearing  PBcav-1  mice  than  in  the  tumor-bearing 
nontransgenic  littermates  or  in  the  mice  of  the  both  types  that 
were  not  exposed  to  tumor  (Fig.  6D). 

It  is  well-established  that  various  tumor  growth  factors  are 
expressed  and  secreted  under  the  regulation  of  intracellular 
PI3-K-Akt  signaling  (25-27,  32,  33).  In  cancer  cells,  activated 
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FIGURE  5.  Elevated  levels  of  cav-1  in  prostate  and  serum  stimulate  prostate  cancer  progression  in  PBcav-1  mice.  A.  Diagram  of  orthotopic  prostate  or 
experimental  metastasis  experiment  (tail  vein  injection)  using  mouse  prostate  cancer  cell  line  RM-9  in  PBcav-1  and  nontransgenic  littermates  male  mice.  B. 
Increased  orthotopic  RM-9  prostate  tumor  weight  in  PBcav-1  mice  ( TG )  compared  with  nontransgenic  littermates  (WT).  C.  Representative  micrographs  of 
RM-9  lung  metastases  in  nontransgenic  littermates  and  PBcav-1  mice.  D.  Increased  number  and  size  of  RM-9  metastatic  lung  nodules  in  PBcav-1  mice 
compared  with  nontransgenic  littermates.  E.  Histologic  analysis  of  experimental  lung  metastatic  lesions  in  nontransgenic  and  PBcav-1  mice.  Top,  represen¬ 
tative  example  of  TUNEL  staining.  TUNEL-positive  staining  (Al,  apoptotic  index)  is  reduced  in  metastases  of  PBcav-1  mice  compared  with  the  metastases  in 
nontransgenic  animals.  Differences  in  PCNA  or  CD31  (MVD)-positive  staining  were  not  significant  between  these  two  groups  of  mice  (data  not  shown). 
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Akt  has  been  reported  to  be  a  positive  regulator  of  tumor  angio¬ 
genesis  factors  such  as  VEGF  (28-30).  It  is  important  to  note  that 
higher  than  normal  expression  of  VEGF  may  have  clinical  sig¬ 
nificance  in  prostate  cancer  (34).  We  hypothesize  that  cav-1  - 
mediated  increases  in  the  level  of  intracellular  P-Akt  trigger 
enhanced  expression  of  this  angiogenic  factor.  Increased  levels 
of  intracellular  cav-1  in  the  metastatic  RM-9  nodules  that 
developed  in  PBcav-1  mice  may  be  due  to  increased  uptake 
of  circulating  serum  cav-1  compared  with  RM-9  nodules  that 
develop  in  nontransgenic  littermates.  Further  studies  may  reveal 
important  associations  between  cav-1  overexpression,  stabiliza¬ 
tion  of  P-Akt,  and  VEGF  overexpression  and  secretion. 

In  our  previous  analysis  of  serum  cav-1  levels,  we  found 
significantly  higher  serum  cav-1  levels  in  men  with  prostate 
cancer  than  in  normal  men  and  men  with  benign  hyperplasia 
(18,  19),  raising  the  possibility  that  serum  cav-1  may  also  affect 
the  metastatic  potential  of  human  prostate  cancer.  Together  with 
the  possibility  of  a  field  effect  mediated  by  secretion  of  cav-1  in 
hyperplastic  and/or  premalignant  prostatic  tissues,  the  presence 
of  substantial  levels  of  serum  cav-1  in  the  absence  of  malignan¬ 
cy  may  be  considered  a  possible  risk  factor  for  the  development 
and  progression  of  prostate  cancer,  and  further  studies  in  this 
area  are  warranted. 


The  results  of  our  experimental  metastasis  analyses  specifi¬ 
cally  showed  that  the  secretion  of  cav-1  into  the  circulation  pro¬ 
moted  the  growth  of  experimental  lung  metastases  in  PBcav-1 
mice  (Fig.  7).  Although  RM-9  cells  are  cav-1 -secreting  cells, 
our  results  clearly  show  that  host-derived  serum  cav-1  contri¬ 
butes  to  metastatic  activities  once  the  cells  are  established  at 
an  attached  site  in  the  experimental  metastasis  model  system. 
The  PBcav-1  cohort  generated  two  to  five  times  more  lung 
metastases  than  the  other  three  genotype  cohorts,  but  after  the 
systemic  cav-1  Ab  treatments,  the  number  of  the  lung  nodules 
was  brought  down  close  to  the  cav-F cohort  level.  Surgical 
castration  treatment  also  resulted  in  significant  reduction  in 
the  number  of  tumor  lung  nodules  in  all  genotype  cohorts.  How¬ 
ever,  the  data  showed  that  in  general,  cav-1  Ab  treatment  was 
more  effective  than  surgical  castration  in  suppression  of  exper¬ 
imental  metastasis  (Fig.  7).  Combination  treatment  with  surgical 
castration  plus  cav-1  Ab  was  remarkably  effective  in  suppres¬ 
sing  metastasis,  but  the  suppression  achieved  was  not  statistical¬ 
ly  different  than  the  effects  of  cav-1  Ab  treatment  alone  (P  = 
0.69-0.89  except  in  case  of  cav-Ff~).  But  because  actual  num¬ 
ber  of  metastasis  was  very  low  in  both  treatment  cases,  it  is 
conceivable  that  further  studies  using  additional  models  would 
reveal  potential  therapeutic  advantages  associated  with  this 
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FIGURE  6.  Western  blot  analysis  of  normal  lung  tissues  and  lung  tumor  nodules  from  metastasis-bearing  nontransgenic  and  transgenic  mice.  A. 
Expression  analysis  (Western  blot)  of  cav-1,  P-Akt,  Akt,  and  VEGF  of  normal  lung  tissues  taken  from  lungs  that  harbored  RM-9  lung  tumor  nodules  and 
B.  RM-9  metastatic  lesions  from  nontransgenic  (WT)  and  PBcav-1  (TG)  mice.  Each  lane  represents  tissues  from  an  individual  mouse.  C.  Relative  expres¬ 
sions  of  Western  blotting  (A  and  B)  were  measured  by  densitometry.  D.  Increased  serum  VEGF  levels  in  nontumor-bearing  nontransgenic  littermates  and 
PBcav-1  male  mice  (left)  and  metastases-bearing  mice  nontransgenic  littermates  and  PBcav-1  male  mice  (right).  N.S.  =  not  statistically  significant. 
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FIGURE  7.  Suppression  of  experimental  RM-9  metastasis  by  androgen  deprivation  and  cav-1  Ab  treatment  in  four  genetic  cohorts  of  mice  with  different 
endogenous  serum  cav-1  levels.  A.  Schematic  diagram  of  experimental  metastasis  intervention  experiment.  Cohorts  of  PBcav-1 +,  PBcav-1  "  (nontransgenic) 
littermates,  cav-1  and  cav-1+/+  male  mice  received  a  tail  vein  injection  of  RM-9  mouse  prostate  cancer  cells  and  each  cohort  was  divided  into  five  treat¬ 
ment  groups:  sham  +  HBSS,  castration  ( cast  +  HBSS),  control  rabbit  IgG,  cav-1  Ab,  or  castration  +  cav-1  Ab.  B.  Number  of  experimental  lung  metastases 
scored  for  each  treatment  within  each  genotype  cohort  21  d  after  RM-9  injection.  *,  P  <  0.05  between  the  bracketed  groups. 


combination  approach.  Overall,  these  data  suggest  the  possible 
convergence  of  cav-1  expression  and  secretion,  and  androgen- 
receptor  signaling.  This  notion  is  consistent  with  our  initial 
report  regarding  cav-1  expression  in  prostate  cancer  (35),  which 
defined  an  important  relationship  between  cav-1  expression, 
androgen  receptor  expression,  and  androgen  sensitivity  in  pros¬ 
tate  cancer  cells. 

In  summary,  we  have  generated  a  novel  transgenic  mouse, 
PBcav-1,  and  showed  that  cav-1  overexpression  leads  to  epithe¬ 
lial  prostatic  hyperplasia  accompanied  by  increased  levels  of  P- 
Akt,  reduced  nuclear  p27Kipl,  and  increased  serum  cav-1  levels. 
We  exploited  the  induction  of  secreted  cav-1  without  the  com¬ 
plications  of  active  malignancy  to  test  the  effects  of  localized 
cav-1  secretion  and  serum  cav-1  on  orthotopic  prostate  cancer 
growth  and  experimental  metastasis,  respectively.  We  showed 
that  RM-9  cells  formed  significantly  larger  orthotopic  prostate 
tumors  in  PBcav-1  mice  than  in  their  nontransgenic  littermates. 
Using  this  model  of  androgen- sensitive  metastatic  prostate  can¬ 
cer,  we  also  tested  the  effects  of  surgical  castration  and/or  cav-1 
Ab  treatment  on  the  development  of  experimental  lung  metas¬ 
tases.  The  data  showed  that  host-derived  cav-1  is  causally  as¬ 
sociated  with  experimental  metastasis  and  validated  systemic 
cav-1  Ab  treatment  as  a  potential  therapy  for  prostate  cancer. 
Further  experiments  should  test  the  feasibility  of  targeting  sys¬ 
temic  cav-1  protein  as  well  as  combination  treatment  of  cav-1 
Ab  and  antiandrogens  as  novel  therapeutic  strategies. 

Materials  and  Methods 

Generation  and  Genotyping  of  Cav-1-Expressing 
Transgenic  Mice 

Plasmid  carrying  PBcav-1  transgene  was  generated  using 
our  previously  constructed  MMTVcav-1  plasmid  containing 
mouse  mammary  tumor  virus  promoter,  rabbit  (3 -glob in  splice 


sequences  (part  of  exon  I,  intron  I,  and  exon  II)  687-bp  mouse 
cav-1  cDNA  (35),  and  bGH-polyadenylation  sequence  (36). 
The  mouse  mammary  tumor  virus  promoter  was  excised  by 
BamHI  and  replaced  by  a  short  rat  PB  promoter  fragment 
(-426/+28)  that  was  lifted  from  SK-PB/SV40Tag  plasmid  by 
Sail  digestion  (20).  To  make  the  vector  and  promoter  DNA 
compatible  for  ligation,  GA  and  TC  base  fill-ins  were  done 
on  BamHI  and  Sail  fragments,  respectively.  Recombinant 
PBcav-1  plasmid  DNA  was  purified,  and  the  integrity  of  the 
PBcav-1  transgene  was  confirmed  by  sequencing.  The  resulting 
PBcav-1  plasmid  was  linearized  by  Kpnl  and  Notl,  and  the  2.2- 
kb  PBcav-1  transgene  fragment,  devoid  of  vector  sequences, 
was  micro  injected  into  fertilized  C57B6  mouse  embryos. 

Purified  transgene  DNA  was  injected  into  the  pronucleus  of 
a  fertilized  C57BL6/J  embryo  according  to  the  standard  tech¬ 
nique  used  in  the  Transgenic  Core  facility  at  Baylor  College  of 
Medicine. 

The  founder  transgenic  mice  were  screened  for  transgene 
presence  and  transmission  by  using  PCR  with  forward  5'- 
CCATGTTCATGCCTTCTTCT-3 '  and  reverse  5'-ATCGTAGA- 
CAACAAGCGGTA-3'  primers  using  the  following  conditions: 
95°C  x  2  min,  94°C  x  30  s,  55°C  x  30  s,  and  72°C  x  30  s,  for 
35  cycles. 

Mice  were  housed  under  specific  pathogen-free  conditions 
in  facilities  accredited  by  the  American  Association  for  Accred¬ 
itation  of  Laboratory  Animal  Care.  Three  to  13 -mo-old  mice 
were  used  throughout  this  study  unless  otherwise  indicated  in 
the  text.  All  experiments  were  conducted  in  accordance  with 
the  principles  and  procedures  outlined  in  the  NIH  ’s  Guide 
for  the  Care  and  Use  of  Laboratory  Animals. 

RNA  Isolation  and  Analysis 

Total  RNA  was  isolated  from  microdissected  mouse  tissues 
by  using  a  RiboPure  RNA  purification  kit  from  Ambion.  The 
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cDNA  was  generated  using  1.6  pg  of  total  RNA,  and  RT  reac¬ 
tions  were  carried  out  using  a  High  Capacity  cDNA  Archive  kit 
(Applied  Biosystems)  according  to  the  manufacturer’s  protocol. 
Reverse  transcription-PCR  was  done  as  previously  described 
(37)  using  PBcav-1  transgene-specific  primers  Pl:5'- 
CCTTGTCAGTGAGGTCCAGATA-3 '  and  P2:  5'- 
CGTCGTCGTTGAG-ATGCTT-3'.  Quantitative  real-time 
PCR  analysis  of  cav-1  expression  was  done  using  the  Universal 
PCR  Master  Mix  and  TaqMan  Gene  expression  assay  for 
mouse  cav-1  Mm_00483057  (Applied  Biosystems). 

Analysis  of  Androgen  Sensitivity  in  PBcav-1  Prostatic 
Tissues 

PBcav-1  adult  male  mice  and  their  nontransgenic  littermates 
were  subjected  to  surgical  castration,  surgical  castration  plus 
implantation  of  testosterone  propionate  in  silastic  tubing  pel¬ 
lets,  or  sham  operations  as  previously  described  (35).  Three 
weeks  following  these  procedures,  animals  were  euthanized, 
and  whole  prostatic  tissues  were  evaluated.  Wet  weights  of 
the  whole  prostates  from  PBcav-1  mice  and  their  nontransgenic 
littermates  were  compared  for  each  experimental  condition. 

Animal  Models 

Orthotopic  Prostate  Tumors.  Subconfluent  mouse  RM-9 
prostate  cancer  cells  were  prepared  and  injected  to  PBcav-1 
and  nontransgenic  mice  as  described  preciously  (22).  Cells 
(5  x  103)  were  injected  directly  into  dorsolateral  prostates  of 
the  mice,  and  after  21  d,  the  tumors  were  excised  and  weighted. 

Experimental  Metastasis.  Cells  (5x1 03)  of  RM-9  were  in¬ 
jected  via  tail  vein  as  described  previously  (22).  After  21  d, 
mice  were  euthanized,  and  serum  and  tumor  lung  nodules  were 
collected.  The  number  and  size  on  the  long  axis  of  lung  tumor 
nodules  were  measured  with  help  of  dissecting  microscope. 
Lung  tumor  nodules  that  were  2  to  3  mm  long  on  the  longest 
axis  and  normal  lung  tissues  were  microdissected  and  snap  fro¬ 
zen  in  liquid  nitrogen  and  stored  at  -80°C.  For  histologic  ex¬ 
aminations,  the  lung  tissues  of  interest  were  snap  frozen  for 
cryostat  sectioning  or  were  fixed  in  10%  phosphate-buffered 
formalin  before  being  embedded  in  paraffin.  Selected  samples 
of  the  fixed  lung  metastases  were  photographed  with  the  use  of 
a  Nikon  Coolpix  4500  camera. 

Suppression  of  Experimental  Metastasis 

Four  different  genotypes  of  adult  male  mice-PBcav-1,  non¬ 
transgenic  littermates,  cav-l~f~ ,  and  cav-l+/+  (20)  were  injected 
with  RM-9  prostate  cancer  cells  via  tail  vein  as  described 
above.  Each  cohort  of  four  genotypically  different  mice  were 
randomly  divided  into  five  treatment  groups:  sham  +  HBSS, 
castration  +  HBSS,  rabbit  IgG,  cav-1  Ab,  and  castration  + 
cav-1  Ab.  Mice  that  were  included  in  the  castration  treatment 
groups  underwent  surgical  castration  1  wk  before  the  tumor  cell 
injection.  Mice  that  were  included  in  the  Ab  treatment  groups 
were  treated  as  appropriate  with  100  pL  of  HBSS  (control), 
10  pg/100  pL  rabbit  IgG  (Santa  Cruz  Biotechnology),  or 
10  pg/100  pL  cav-1  Ab  (Santa  Cruz  Biotechnology)  every 
other  day  for  21  d  as  previously  described  (13).  At  the  end 
of  the  time  course  mice  were  euthanized,  and  the  number  of 
lung  tumor  nodules  were  counted  with  the  aid  of  a  dissecting 
microscope  as  described  previously  (13). 


Mouse  Cav-1  and  VEGF  Levels  in  Serum  Samples 

Serum  samples  were  assayed  for  mouse  cav-1  by  ELISA,  as 
previously  described  (18,  19).  For  the  serum  VEGF  assay,  a 
mouse  VEGF  ELISA  kit  was  purchased  from  R&D  Systems. 
The  serum  samples  were  diluted  (1:2  in  the  specific  diluent) 
and  tested  according  to  the  manufacturer’s  instructions.  The 
kit  recognizes  both  164-  and  120-amino  acid  isoforms  of  mouse 
VEGF.  The  minimum  detectable  concentration  is  <3  pg/mL. 

Preparation  of  Tissue  Extracts  and  Conditioned  Medium 

Tissues  were  homogenized  in  ice-cold  lysis  buffer  [20  mmol/ 
L  Tris  (pH  7.5)  containing  150  mmol/L  NaCl,  1  mmol/L 
Na2EDTA,  1  mmol/L  EGTA,  1%  NP40,  1%  sodium  deoxycho- 
late,  2.5  mmol/L  sodium  pyrophosphate,  1  mmol/L  (3-glycero¬ 
phosphate,  1  mmol/L  Na3V04,  and  1  pg/mL  of  leupeptin].  The 
lysates  were  centrifuged  for  10  min  at  20,000  x  g  and  4°C  to 
remove  any  debris  and  insoluble  material.  The  resulting  samples 
were  stored  at  -80°C,  and  protein  concentrations  were  deter¬ 
mined  using  a  protein  assay  kit  (Bio-Rad). 

For  preparation  of  prostate  organ  culture-conditioned  medi¬ 
um,  the  prostate  tissues  from  individual  mice  were  collected 
and  cut  into  ~l-mm  pieces  and  washed  thrice  with  ice-cold 
PBS.  After  the  organ  pieces  were  incubated  in  0.5  mL  of  se¬ 
rum-free  medium  for  24  h  at  37°C,  the  medium  was  collected 
and  centrifuged  at  1,000  x  g  and  then  at  100,000  x  g  to  mini¬ 
mize  debris  contamination.  The  protein  in  the  medium  was 
precipitated  by  application  of  trichloroacetic  acid  and  then  the 
precipitate  was  washed  with  acetone  and  redissolved  in  30  pL 
of  lysis  buffer. 

Western  Blot  Analysis 

Protein  extract  from  mouse  tissues  (50  pg)  or  15  pL  of  the 
prepared  conditioned  medium  was  mixed  with  6x  loading  buff¬ 
er  and  separated  on  12%  SDS-PAGE.  The  separated  proteins 
were  transferred  to  nitrocellulose  membranes  and  were  blotted 
with  specific  Ab  for  12  to  18  h  at  4°C.  Horseradish  peroxidase- 
conjugated  secondary  antibodies  and  an  enhanced  chemilumi¬ 
nescence  substrate  kit  (Pierce  Biotechnology)  were  used  for 
detection  of  specific  proteins.  Densitometry  of  the  bands  was 
done  with  the  NIH  IMAGE  software  program.  For  quantitative 
analyses,  the  intensity  of  protein  bands  was  normalized  to  the 
intensity  of  (3-actin  in  the  same  sample. 

Rabbit  polyclonal  antibodies  against  cav-1  (sc-894)  and 
VEGF  (sc-507)  were  obtained  from  Santa  Cruz  Biotechnology. 
Monoclonal  Ab  against  PKBa/Akt  (clone  55)  was  purchased 
from  BD  Biosciences,  and  rabbit  polyclonal  Ab  against  phos- 
pho-Akt  (Ser473)  was  from  Cell  Signaling  Technology.  Mono¬ 
clonal  anti-(3-actin  (clone  AC- 15)  was  from  Sigma- Aldrich. 

Eiistologic  and  Immunohistochemical  Procedures 

Prostate  tissues  from  PBcav-1  transgenic  mice  and  their 
nontransgenic  littermates  or  from  lung  metastases  these  mice 
developed  were  fixed  in  10%  formalin  and  processed  for 
routine  paraffin  embedding  and  sectioning.  Histologic  fea¬ 
tures  of  the  tissues  were  evaluated  on  H&E-stained  sections. 
Apoptotic  and  proliferative  activities  in  the  tissues  were  in¬ 
vestigated  using  the  TUNEL  technique  and  PCNA  immunos- 
taining,  respectively,  following  the  procedure  previously 
developed  (38).  The  tissues  were  also  immunostained  with 
antibodies  to  cav-1  (Santa  Cruz  Biotechnology),  P-Akt 
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(Ser473;  Cell  Signaling),  and  p27Kipl  (a  generous  gift  from  Dr. 
Xin  Lu,  Ludwig  Institute  for  Cancer  Research,  Oxford  Branch, 
Oxford,  United  Kingdom)  using  the  avidin-biotin-peroxidase 
complex  procedure  and  an  ABC  kit  (Vector  Laboratories).  Im- 
munolabeling  was  assessed  quantitatively  via  computer-assisted 
image  analysis  of  20  to  30  randomly  selected  microscopic  fields 
at  x 2 00  magnification.  The  data  were  recorded  as  apoptotic  in¬ 
dex,  which  is  the  number  of  apoptotic  bodies  per  1 ,000  epithelial 
cells  or  the  nuclear  labeling  rate  for  p27Kipl  or  PCNA  staining. 

Statistical  Analyses 

All  values  are  expressed  as  means  ±  SEM.  Statistical  analy¬ 
ses  were  carried  out  using  the  two-tailed  Student’s  unpaired 
t  test  and,  for  more  than  two  groups,  by  using  ANOVA  followed 
by  Fisher’s  protected  least  significant  difference  analysis. 

The  correlation  between  serum  VEGF  level  and  the  number 
of  experimental  lung  metastases  was  evaluated  with  the  simple 
regression  analysis.  Differences  were  considered  statistically 
significant  when  the  P  value  is  <0.05.  All  analyses  were  done 
using  Statview  5.0  software  (SAS  Institute). 
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Abstract 

Caveolin-1  (cav-1)  and  the  cancer-promoting  growth  factors 
vascular  endothelial  growth  factor  (VEGF),  transforming 
growth  factor  pi  (TGF-pi),  and  fibroblast  growth  factor  2 
(FGF2)  are  often  found  to  be  upregulated  in  advanced 
prostate  cancer  and  other  malignancies.  However,  the 
relationship  between  cav-1  overexpression  and  growth 
factor  upregulation  remains  unclear.  This  report  presents,  to 
our  knowledge,  the  first  evidence  that  in  prostate  cancer 
cells,  a  positive  autoregulatory  feedback  loop  is  established 
in  which  VEGF,  TGF-pi,  and  FGF2  upregulate  cav-1,  and 
cav-1  expression,  in  turn,  leads  to  increased  levels  of  VEGF, 
TGF-pi,  and  FGF2  mRNA  and  protein,  resulting  in  enhanced 
invasive  activities  of  prostate  cancer  cells,  i.e.,  migration 
and  motility.  Our  results  further  show  that  cav-1 -enhanced 
mRNA  stability  is  a  major  mechanism  underlying  the 
upregulation  of  these  cancer-promoting  growth  factors,  and 
that  PI3-K-Akt  signaling  is  required  for  forming  this  positive 
autoregulatory  feedback  loop.  (Mol  Cancer  Res  2009;7(11): 
1781-91) 

Introduction 

Prostate  cancer  is  one  of  the  most  common  types  of  cancers 
and  the  second  leading  cause  of  cancer-related  death  in  Amer¬ 
ican  men  (1).  In  most  cases,  death  from  prostate  cancer  results 
from  metastatic  disease.  Understanding  the  mechanisms  under¬ 
lying  the  progression  of  prostate  cancer  will  facilitate  the  devel¬ 
opment  of  biomarkers  and  novel  therapeutic  strategies  to 
control  this  devastating  malignancy. 

Caveolin-1  (cav-1)  is  a  major  structural  component  of  ca- 
veolae,  specialized  plasma  membrane  invaginations  that  are  in¬ 
volved  in  molecular  transport,  endocytosis,  cell  adhesion,  and 
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signal  transduction  (2,  3).  The  role  of  cav-1  in  cancer  is  com¬ 
plex  and  remains  somewhat  controversial  (reviewed  in  refs.  4- 
7).  We  previously  found  that  elevated  expression  of  cav-1  is 
associated  with  human  prostate  cancer,  correlated  with  tumor 
angiogenesis,  and  may  function  as  a  valuable  prognostic  marker 
(8-12).  In  alignment  with  a  growing  body  of  clinical  data  that 
showed  upregulation  of  cav-1  expression  in  various  types  of 
malignancies  and  multidrug-resistant  tumor  cells  (reviewed  in 
refs.  4,  6,  7),  experimental  results  showed  that  suppression  of 
cav-1  expression  reverses  androgen  insensitivity  in  metastatic 
androgen-insensitive  mouse  prostate  cancer  cells  (13)  and  that 
genetic  ablation  of  cav-1  attenuates  the  development  and  pro¬ 
gression  of  prostate  tumors  in  TRAMP  mice  (14).  We  previously 
showed  that  cav-1  was  secreted  by  mouse  and  human  prostate 
cancer  cell  lines  and  that  secreted  cav-1  promoted  cancer  cell 
survival  and  clonal  growth  in  vitro  (15-17).  We  further  showed 
that  tumor  cell-secreted  cav-1  promotes  proangiogenic  activi¬ 
ties  in  prostate  cancer  through  the  PI3-K-Akt-eNOS  signaling 
module  (18).  With  regard  to  the  underlying  mechanism(s)  re¬ 
sponsible  for  cav-1 -mediated  oncogenic  activities,  we  showed 
that  cav-1  maintains  activated  Akt  in  prostate  cancer  cells 
through  binding  to  and  inhibition  of  the  serine/threonine  pro¬ 
tein  phosphatases  PP1  and  PP2A  (15). 

Of  note,  multiple  growth  factors  (GF)  with  tumor-promoting 
activities,  including  vascular  endothelial  GF  (VEGF),  trans¬ 
forming  GF  (31  (TGF-(3l),  and  fibroblast  GFs  (FGF),  are  also 
upregulated  in  advanced  cancer  (19-22).  VEGF  is  one  of  the 
key  mediators  of  angiogenesis  that  is  produced  at  high  levels 
in  many  types  of  tumors;  it  promotes  proliferation,  survival, 
and  migration  of  endothelial  cells  and  is  essential  to  blood  ves¬ 
sel  formation  and  neovascularization  (23,  24).  TGF-(3l  is  a  po¬ 
tent  regulator  of  cell  proliferation  and  extracellular  matrix 
remodeling,  with  tumor-suppressor  functions  in  the  normal 
prostate  gland  and  tumor-promoter  functions  in  malignant 
and  metastatic  prostate  cancer  (25,  26).  FGF2  is  expressed  at 
increased  levels  in  human  prostate,  bladder,  renal,  and  testicular 
cancers  and  play  an  important  role  in  the  neovascularization 
process  that  occurs  in  inflammation,  angioproliferative  dis¬ 
eases,  and  tumor  growth  (27,  28).  The  intricate  balance  of  these 
GFs  is  crucial  to  the  regulation  of  normal  cell  growth.  Disrup¬ 
tion  of  normal  GF  homeostasis  in  malignancy  is  often  associ¬ 
ated  with  apoptotic  evasion,  uncontrolled  proliferation,  and 
increased  invasive  potential.  Various  mechanisms  are  reported 
to  be  involved  in  deregulation  of  these  GFs  in  cancer  cells,  in¬ 
cluding  transcriptional  regulation  (29-31)  and  alteration  of 
mRNA  stability  (32-35).  The  potential  association  of  cav-1 
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and  cancer-promoting  GFs  in  malignant  progression  prompted 
us  to  investigate  whether  cav-1  and  expression  of  specific  cancer- 
promoting  GFs  are  functionally  and  mechanistically  linked  in 
prostate  cancer  progression.  In  this  study,  we  found  that  multi¬ 
ple  GFs  stimulate  cav-1  expression  in  prostate  cancer  cells  and 
that  cav-1  expression  leads  to  increased  levels  of  VEGF,  TGF- 
pl,  and  FGF2  and  enhances  cancer  cell  migration  and  motility 
in  an  Akt-dependent  manner.  Furthermore,  we  found  that  cav-1  - 
enhanced  mRNA  stability  is  a  major  mechanism  for  the  upre- 
gulation  of  these  cancer-promoting  GFs. 

Results 

Induction  of  Cav-1  Expression  and  Secretion  by  GFs 
Because  overexpression  of  specific  cancer-promoting  GFs 
occurs  in  parallel  with  cav-1  overexpression  in  many  types  of 
malignancies,  including  prostate  cancer,  we  sought  to  deter¬ 
mine  whether  there  was  any  potential  correlation  between 
cav-1  and  these  GFs.  We  first  examined  the  ability  of  selected 
GFs  to  stimulate  cav-1  expression.  Since  our  early  observations 
suggested  that  GF  treatment  does  not  stimulate  cav-1  expres¬ 
sion  in  early  passage  (cav-1  negative)  LNCaP  cells,  a  cav-1 -ex¬ 
pressing  LNCaP  variant,  LNCaP  (c+),  which  expresses  low- 
moderate  levels  of  cav-1,  and  DU  145  and  PC-3,  which  express 
high  levels  of  cav-1,  were  used  for  this  part  of  the  study  (see 


Fig.  1A  and  the  insert  in  Fig.  IB  for  the  relative  cav-1  levels  in 
these  three  cell  lines).  Treatment  with  multiple  GFs,  including 
platelet-derived  GF  (PDGF),  nerve  GF  (NGF),  FGF1,  FGF2, 
epidermal  GF  (EGF),  TGF-pl,  and  VEGF,  led  to  significantly 
increased  cav-1  protein  levels  in  LNCaP  (c+)  cells  (1.5-  to  3- 
fold)  and  slightly  increased  cav-1  protein  levels  in  DU  145  and 
PC-3  cells  (Fig.  1A  and  B).  Similar  to  the  low-cav-1  LNCaP 
(c+),  a  cav-1  antisense  stable  mouse  prostate  cancer  cell  clone 
ABAC3  (13)  also  showed  induction  of  cav-1  expression  and 
secretion  by  GFs  (Supplementary  Fig.  SI). 

We  previously  found  that  tumor  cell-secreted  cav-1  stimu¬ 
lates  cell  survival  and  clonal  growth  and  contributes  to  angiogen¬ 
esis  and  metastasis  (1 7, 1 8),  so  it  was  also  of  interest  to  determine 
whether  these  GFs  can  also  increase  cav-1  secretion.  As  shown 
in  Fig.  1C  and  D,  with  the  exception  of  NGF,  treatment  with  the 
GFs  also  led  to  increased  levels  of  secreted  cav-1  in  LNCaP  (c+) 
cells  (1.5-  to  2.0-fold).  Although  the  GFs  had  only  minor  effects 
on  the  cav-1  expression  in  high-cav-1  prostate  cancer  cells 
DU  145  and  PC-3,  they  significantly  increased  cav-1  secretion 
from  these  two  cell  lines  (1.5  to  3.2-fold;  Fig.  1C  and  D). 

Cav-1  Expression  Stimulates  Expression  of  VEGF,  TGF-/31, 
and  FGF2 

Because  multiple  GFs  are  capable  of  inducing  cav-1  expres¬ 
sion  and  cav-1  upregulation  occurs  in  focal  areas  of  prostate 
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FIGURE  1.  Induction  of  cav-1  expression  and  secretion  by  GFs.  A.  Representative  Western  blot  showing  cellular  levels  of  cav-1  in  LNCaP  (c+),  DU145, 
and  PC-3  cells  after  incubation  of  cells  in  SFM  with  and  without  the  indicated  GFs  for  48  h.  B.  Quantitative  analysis  of  cellular  levels  of  cav-1  in  GF-treated 
LNCaP  (c+),  DU  145,  and  PC-3  cells.  Insert  (B),  relative  cav-1  levels  in  these  three  cell  lines.  C.  Representative  Western  blot  showing  secreted  cav-1  in 
conditioned  medium  after  incubation  of  LNCaP  (c+),  DU145,  and  PC-3  cells  in  SFM  with  and  without  indicated  GFs  for  24  h.  The  equivalents  of  conditioned 
medium  produced  from  5.0  x  105  cells  were  loaded  on  gel  for  the  determination  of  secreted  cav-1  levels.  D.  Quantitative  analysis  of  levels  of  secreted  cav-1  in 
conditioned  medium  derived  from  GF-treated  LNCaP  (c+),  DU  145,  and  PC-3  cells.  Columns,  mean  of  three  independent  experiments  (B  and  D);  bars,  SD;  *, 
statistically  significant  P<  0.05.  Lanes  1, 9,  and  17,  SFM;  lanes  2,10,  and  18,  PDGF;  lanes  3,  11,  and  19,  NGF;  lanes  4,  12,  and  20,  FGF1;  lanes  5,  13,  and 
21,  FGF2;  lanes  6,  14,  and  22,  EGF;  lanes  7,  15,  and  23,  TGF-(31;  lanes  8,  16,  and  24,  VEGF. 


Mol  Cancer  Res  2009;7(11).  November  2009 


Caveolin-1  Enhances  Akt-Mediated  GF  Upregulation  1783 


LNCaP 


c 


□  NC  siRNA 


PC-3  DU145 


1.2 


§  10 

o 

M— 

O 

c  0.8  H 
o 


■  nh 


0.6  A 


a:  0.2 
E 

0.0 


□  NC  siRNA 
M  cav-1  siRNA 


nh 


in 


rh 


II 


VEGF  TGF-pi  FGF2  VEGF  TGF-pi 


FGF2 


PC-3 


DU145 


FIGURE  2.  Cav-1  upregulates  mRNA  levels  of  VEGF,  TGF-pi,  and  FGF2.  Quantitative  reverse  transcription-PCR  analysis  for  mRNA  levels  of  cav-1, 
VEGF,  TGF-pi,  and  FGF2  in  cav-1 -manipulated  prostate  cancer  cells.  Columns,  mean;  bars,  SD.  *,  statistically  significant,  P<  0.05.  A.  mRNA  levels  of 
cav-1  in  Adcav-1-  and  AdRSV-infected  LNCaP  cells.  B.  mRNA  levels  of  VEGF,  TGF-pi,  and  FGF2  in  Adcav-1-  and  AdRSV-infected  LNCaP  cells.  C. 
mRNA  levels  of  cav-1  in  cav-1  siRNA-  or  NC  siRNA-transfected  PC-3  and  DU145  cells.  D.  mRNA  levels  of  VEGF,  TGF-pi,  and  FGF2  in  cav-1  siRNA- 
or  NC  siRNA-transfected  PC-3  and  DU145  cells. 


cancer  (10),  we  considered  the  possibility  that  cav-1  generates 
a  positive-feedback,  autoregulatory  loop  involving  cav-1  - 
stimulated  GFs.  We  selected  VEGF,  TGF-pl,  and  FGF2  from 
the  panel  of  GFs  that  stimulate  cav-1  expression  on  the  basis 
of  their  previously  established  importance  in  prostate  cancer 
progression  and  focused  on  these  specific  GFs  in  subsequent 
experiments.  As  shown  in  Fig.  2,  overexpression  of  cav-1  in 
cav-1 -negative,  low-passage  LNCaP  prostate  cancer  cells  us¬ 
ing  adenoviral  vector-mediated  gene  transduction  (Fig.  2 A) 
led  to  significantly  increased  levels  of  VEGF,  TGF-pl,  and 
FGF2  mRNA  (Fig.  2B)  and  protein  (Fig.  3 A).  In  contrast, 
when  endogenous  cav-1  in  high-cav-1  PC-3  and  DU  145 
prostate  cancer  cell  lines  was  knocked  down  by  cav-1  small 
interfering  RNA  (siRNA;  Fig.  2C),  FGF2,  TGF-(3l,  and 
VEGF  mRNA  (Fig.  2D)  and  protein  levels  (Fig.  3B)  were  re¬ 
markably  reduced.  In  addition  to  its  stimulatory  effect  on  the 
cellular  levels  of  VEGF,  TGF-(3l,  and  FGF2,  cav-1  promoted 
the  secretion  of  these  GFs  into  the  medium  (Fig.  3C),  indicat¬ 
ing  that  cav-1  and  these  cav-1 -stimulated  GFs  can  generate  a 
positive  autocrine  loop. 


To  confirm  the  relationship  between  cav-1  and  the  expres¬ 
sion  of  these  cancer-promoting  GFs  in  vivo ,  we  used  an  LNCaP 
tet-on  stable  clone  (LNTB25cav)  to  establish  LNTB25cav  sub¬ 
cutaneous  xenografts  as  previously  described  (18).  Immuno¬ 
chemical  analysis  of  tumor  tissues  from  the  doxycycline  + 
sucrose-  and  sucrose  only-treated  mice  showed  that  the  induc¬ 
tion  of  cav-1  in  the  LNTB25cav  xenografts  resulted  in  in¬ 
creased  expression  of  VEGF  and  TGF-(3l  (Fig.  3D).  Thus, 
our  in  vivo  data  validated  our  in  vitro  results  that  show  in¬ 
creased  VEGF  and  TGF-(3l  levels  in  cav-1 -overexpressing 
cancer  cells.  We  did  not  include  FGF2  immunochemical  anal¬ 
ysis  of  tumor  tissues  owing  to  low  FGF2  protein  level  in  the 
LNTB25cav  tumors. 

Akt  Activation  Is  Involved  in  Cav-1-Mediated 
Upregulation  of  VEGF,  TGF-pi,  and  FGF2 

We  reported  previously  that  overexpression  of  cav-1  in  cav- 
1 -negative  LNCaP  cells  through  adenoviral  vector-mediated 
gene  transduction  led  to  significantly  increased  levels  of 
phosphorylated  Akt,  which  in  turn  led  to  enhanced  cancer 
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cell  survival  (15).  We  wondered  whether  cav-1 -mediated  Akt 
activities  are  also  associated  with  the  expression  of  cancer- 
promoting  GFs  in  prostate  cancer  cells.  As  we  reported  pre¬ 
viously,  overexpression  of  cav-1  in  cav-1 -negative  LNCaP 
cells  resulted  in  significantly  increased  levels  of  phosphorylated 
Akt,  whereas  the  phosphorylation  status  of  the  c-Jun-NH2- 
kinase  (JNK),  p44/p42,  and  p38  pathways  remained  relatively 
unchanged  (Fig.  4A).  In  contrast,  suppression  of  endogenous 
cavl  using  cav-1 -specific  siRNA  in  the  high-cav-1  prostate 
cancer  cell  lines  PC-3  and  DU  145  reduced  the  levels  of  phos¬ 
phorylated  Akt,  whereas  the  activities  of  JNK,  p44/42,  and 
p38  were  still  relatively  unchanged  (Fig.  4B).  To  address  wheth¬ 
er  Akt  is  involved  in  cav-1 -mediated  upregulation  of  VEGF, 
TGF-(3 1 ,  and  FGF2,  we  suppressed  Akt  activities  in  LNCaP  cells 
using  the  PI3-K  inhibitor  LY294002  (LY)  3  hours  after  the  cells 
were  transduced  with  cav-1 -expressing  adenoviral  vector.  The 
results  showed  that  the  treatment  with  LY  effectively  inhibited 
cav-1 -mediated  Akt  activation  and  largely  if  not  completely 
eliminated  cav-1 -mediated  upregulation  of  VEGF,  TGF-(3l, 
and  FGF2  (Fig.  4B).  Note  that  LY  also  suppressed  activity  of  en¬ 
dogenous  Akt,  leading  to  lower  levels  of  VEGF,  TGF-(3l,  and 
FGF2  (Fig.  4B,  compare  AdRSV+LY to  AdRSV). 


Cav-1  Enhances  Cancer  Cell  Motility  in  an  Akt- 
Dependent  Manner 

Cell  survival  and  invasion  are  two  important  components 
of  cancer  progression.  Previously,  we  reported  that  endoge¬ 
nously  expressed  and/or  secreted  cav-1  enhances  prostate 
cancer  cell  survival  and  promotes  angiogenic  activities  of  en¬ 
dothelial  cells  (15-18).  In  this  study,  we  tested  the  effects  of 
cav-1  on  cancer  cell  motility.  Using  a  wound-healing  assay, 
we  showed  that  Adcav-1 -mediated  overexpression  of  cav-1 
in  cav-1 -negative  LNCaP  cells  increased  the  number  of  cells 
~60%  that  migrated  into  the  cleared  area  compared  with  the 
number  of  AdRSV-infected  LNCaP  cells  (Fig.  5 A  and  B). 
Conversely,  suppression  of  endogenous  cav-1  with  cav-1  siR¬ 
NA  in  high-cav-1  DU  145  and  PC-3  prostate  cancer  cells  re¬ 
duced  cell  migration  30%  to  40%  compared  with  that  in 
corresponding  control  cells  that  were  transfected  with  NC 
siRNA  (Fig.  5 A  and  B).  Treatment  with  LY  effectively 
blocked  cancer  cell  migration  in  Adcav-1 -transduced  LNCaP 
cells  (Fig.  5 A  and  B),  demonstrating  that  the  PI3-K-Akt 
pathway  plays  an  important  role  in  cav-1 -mediated  cancer 
cell  migration  (potentially  through  VEGF,  TGF-(3l,  and 
FGF2). 


LNCaP 

#  4 


p-actin 


B 


PC-3 


DU145 


cav-1 

SiRNA  (nM)  0  5  10  20  40  0  5  10  20  40 


cav-1 

~~ 

p-actin 

cav-1 

VEGF 

1.0  0.5  0.5  0.4  0.3 

1.0  0.4  0.3  0.1  0.05 

1.0 

2.1 

^  -t  '  * 

—  —  —  —  — 

VEGF 

1.0  0.3  0.2  0.1  0.1 

1.0  0.5  0.4  0.3  0.3 

TGF-pi 

— 

TGF-pi 

1.0 

10.7 

1.0  0.6  0.3  0.1  0.1 

1.0  0.5  0.3  0.1  0.1 

— — 

FGF2 

- - - - 

<_  * 

FGF2 

1.0 

4.7 

1.0  0.9  1.0  0.4  0.3 

1.0  0.8  0.8  0.4  0.4 

LNCaP  DU145  PC-3 

i  n  ^  A  ^  A 


cav-1 


VEGF 


1.0 

2.5  1.0  0.4 

1.0 

0.3 

VEGF 

» 

TGF-pi 

1.0 

1.9  1.0  0.5 

1.0 

0.3 

+doxy 

1.0 

2.3  1.0  0.3 

1.0 

0.7 

FGF2 

. 

L  .  ,  •  •  -  v,  v-j 

+doxy  ,  .•  f  ^  ‘  7'  J 


TGF-p 


p-actin 

FIGURE  3.  Cav-1  upregulates  protein  levels  of  VEGF,  TGF-pi ,  and  FGF2.  A  to  C.  Western  blot  analysis  for  protein  levels  of  cav-1 ,  VEGF,  TGF-pi ,  and 
FGF2  in  cav-1 -manipulated  prostate  cancer  cells.  The  numbers  below  protein  bands  are  relative  protein  levels  compared  with  corresponding  controls.  A. 
Adcav-1-  or  AdRSV-infected  LNCaP  cells.  B.  PC-3  and  DU  145  cells  transfected  with  various  concentrations  of  cav-1  siRNA  or  NC  siRNA.  C.  Secreted 
VEGF,  TGF-pi ,  and  FGF2  in  the  conditioned  medium  of  Adcav-1-  and  AdRSV-infected  LNCaP  cells  and  in  that  of  cav-1  siRNA-  and  NC  siRNA-transfected 
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FIGURE  4.  Akt  is  required  for  the  cav-1 -induced  upregulation  of  VEGF,  TGF-pi ,  and  FGF2.  A.  Western  blot  analysis  showing  the  increase  of  Akt  phos¬ 
phorylation  in  Adcav-1 -infected  LNCaP  cells  and  the  decrease  of  Akt  phosphorylation  in  cav-1  siRNA-transfected  PC-3  and  DU145  cells.  Note  that  JNK,  p44/42, 
and  p38  phosphorylation  were  relatively  unchanged.  B.  PI3-K  inhibitor  LY  effectively  blocked  Akt  activation  and  upregulation  of  VEGF,  TGF-pi,  and  FGF2  in 
Adcav-1 -infected  LNCaP  cells.  The  numbers  below  protein  bands  are  relative  protein  levels  compared  with  corresponding  controls. 


To  extend  our  results  on  the  role  of  cav-1  in  prostate  cancer 
cell  migration,  we  performed  Transwell  chamber  assays.  The 
results  showed  that  enforced  expression  of  cav-1  in  cav-1  - 
negative  LNCaP  cells  nearly  doubled  cancer  cell  migration 
through  the  chamber  membrane  relative  to  that  of  the  empty- 
vector  control  cells  (Fig.  5C  and  D).  In  contrast,  suppression  of 
endogenous  cav-1  in  DU  145  and  PC-3  cells  using  cav-1  siRNA 
reduced  cancer  cell  migration  through  the  chamber  membrane 
approximately  40%  to  50%  relative  to  that  of  the  NC  siRNA 
control  cells  (Fig.  5C  and  D).  As  it  did  in  the  wound-healing 
assay,  treatment  with  LY  effectively  blocked  cancer  cell  migra¬ 
tion  through  the  chamber  membranes  (Fig.  5C  and  D). 

Cav-1  Upregulates  VEGF,  TGF-pi,  and  FGF2  through 
Akt-Mediated  Maintenance  of  mRNA  Stability 

Regulation  of  GF  expression  is  complex  because  it  is  con¬ 
trolled  by  steroid  hormones,  oncogenes,  extracellular  stresses, 
transcriptional  factors,  and  GFs  themselves.  Mechanistically, 
GF  regulation  may  occur  at  the  transcriptional  or  posttranscrip- 
tional  level.  To  gain  insight  into  cav-1  stimulation  of  tumor- 
promoting  GFs,  we  first  examined  the  effect  of  cav-1  expression 
on  VEGF,  TGF-(3l,  and  FGF2  promoter  activities  in  cav-1  - 
manipulated  prostate  cancer  cells  using  a  dual  luciferase  re¬ 
porter  assay  system.  We  found,  unexpectedly,  that  cav-1  did 
not  alter  the  promoter  activities  of  VEGF,  TGF-(3l,  and 
FGF2,  either  in  LNTB25cav  cells  when  cav-1  expression 
was  induced  by  doxycycline  (Fig.  6A)  or  in  high-cav-1 
DU145  (Fig.  6B)  and  PC-3  (Fig.  6C)  cells  when  cav-1  was 
suppressed  by  cav-1  siRNA.  Given  these  results,  we  consid¬ 


ered  the  possibility  of  cav-1  effects  on  mRNA  stability  of 
these  GFs.  A  time  course  study  following  the  incubation  of 
cells  with  the  transcriptional  inhibitor  actinomycin  revealed 
that  induction  of  cav-1  expression  in  LNTB25cav  cells  signif¬ 
icantly  increased  mRNA  stabilities  of  VEGF  and  TGF-(3l  and 
showed  a  clear  trend  of  increased  mRNA  stability  of  FGF2 
(Fig.  7A,  top).  In  contrast,  suppression  of  cav-1  expression 
in  high-cav-1  DU  145  and  PC-3  prostate  cancer  cells  using 
cav-1  siRNA  significantly  reduced  mRNA  stability  of  VEGF, 
TGF-(3l,  and  FGF2  (Fig.  7A,  middle  and  bottom).  Thus,  our 
data  show  that  cav-1 -mediated,  enhanced  mRNA  stability  is  a 
major  mechanism  for  the  upregulation  of  these  cancer-promoting 
GFs.  Importantly,  our  results  also  indicate  that  PI3-K-Akt  sig¬ 
naling  is  required  for  cav-1 -mediated,  enhanced  VEGF,  TGF- 
pl,  and  FGF2  mRNA  stability,  because  the  PI3-K  inhibitor 
LY  abolished  these  cav-1 -induced,  or  sustained,  activities  in 
LNTB25cav  cells  (Fig.  7A,  top)  or  in  high  cav-1  DU145  and 
PC-3  (Fig.  7A,  middle  and  bottom ),  respectively. 

Together,  our  in  vitro  and  in  vivo  data  provide  the  first 
evidence  to  our  knowledge  that  cav-1  increases  levels  of 
cancer-promoting  GFs  and  enhances  cancer  progression 
through  PI3-K-Akt-mediated  maintenance  of  mRNA  stability. 

Discussion 

Overexpression  of  cav-1  and  cancer-promoting  GFs  is  fre¬ 
quently  observed  in  advanced  prostate  cancer  and  many  other 
types  of  malignancies  (4,  6,  23,  25,  28,  36,  37).  In  addition, 
increased  levels  of  tissue  and  serum  cav-1  and  specific  GFs 


Mol  Cancer  Res  2009;7(11).  November  2009 


1786  Li  et  al. 


have  prognostic  potential  for  prostate  cancer  progression  (10, 
22,  38-40).  Previous  studies  suggested  that  cav-1  and  cancer- 
promoting  GFs  may  collaborate  in  the  progression  of  prostate 
cancer,  although  evidence  is  lacking  (12).  We  showed  in  this 
study  that  multiple  GFs,  including  VEGF,  TGF-(3l,  and 
FGF2,  can  upregulate  cav-1  expression  and  secretion  in  pros¬ 
tate  cancer  cells,  and  cav-1  expression  can,  in  turn,  increase  cel¬ 
lular  levels  and  secretion  of  VEGF,  TGF-(3l,  and  FGF2.  Our 
in  vitro  data  together  with  LNTB25cav  xenograft  data  support 
those  of  our  previous  in  vivo  studies,  in  which  we  found  that 
cav-1 -expressing  tumors  had  significantly  higher  tumor  weight 
and  significantly  increased  microvessel  density  (18).  In  addi¬ 
tion,  our  results  using  two  complementary  assays  showed  that 
cav- 1  overexpression  leads  to  enhanced  prostate  cancer  cell  mi¬ 
gration.  This  new  information,  together  with  our  previous  data 
(15-18),  shows  that  upregulated  cav-1  expression  can  promote 
cancer  cell  survival,  angiogenesis,  and  invasion,  all  critical  fac¬ 
tors  for  cancer  progression. 


We  noted  that  there  were  some  apparently  inconsistent  ob¬ 
servations  regarding  the  effect  of  GFs  on  cav-1  expression  in 
the  literature.  For  example,  earlier  reports  showed  that  VEGF 
and  basic  FGF  reduced  cav-1  expression  in  ECV304,  a  human 
umbilical  vein  endothelial  cell  line  (41),  and  that  chronic  EGF 
treatment  resulted  in  transcriptional  downregulation  of  cav-1  in 
A43 1 ,  a  human  epidermoid  carcinoma  cell  line  (42).  The  causes 
for  such  diverse  observations  remain  unclear  at  this  stage;  how¬ 
ever,  context-dependent  GF  effects  on  cav-1  expression,  includ¬ 
ing  origin  of  cells,  endogenous  cav-1  levels,  and  concentrations 
of  GFs  used,  could  be  a  possible  explanation. 

We  showed,  mechanistically,  that  cav-1  mediates  upregula- 
tion  of  VEGF,  TGF-(3l,  and  FGF2  and  promotes  cancer  cell 
migration  through  Akt  signaling.  Furthermore,  we  showed  that 
cav-1  upregulates  VEGF,  TGF-(3l,  and  FGF2  through  Akt-de- 
pendent  increased  mRNA  stability.  We  believe  that  these  results 
provide  the  first  evidence,  to  our  knowledge,  that  cav-1  and 
specific  cancer-promoting  GFs  form  a  positive  autoregulatory 


FIGURE  5.  Cav-1  promotes  cancer  cell  migration/motility.  A  and  B.  Wound  healing  assay.  A.  Representative  images  showing  increased  cell  migration  to 
the  wounded  area  (clear  area,  defined  by  dashed  lines)  in  Adcav-1 -infected  LNCaP  cells  and  decreased  cell  migration  to  the  wounded  area  in  cav-1  siRNA- 
transfected  DU145  and  PC-3  cells.  PI3-K-Akt  inhibitor  LY  effectively  blocked  cancer  cell  migration.  B.  Quantitative  analysis  of  triplicate  wound  healing  assay 
experiments.  C  and  D.  Transwell  chamber  assays.  C.  Representative  images  showing  increased  transwell  cell  migration  in  Adcav-1 -infected  LNCaP  cells 
and  decreased  migration  in  cav-1  siRNA-transfected  DU145  and  PC-3  cells.  LY  significantly  reduced  transwell  cell  migration.  D.  Quantitative  analysis  of 
triplicate  Transwell  migration  assay  experiments.  Columns,  mean  (B  and  D);  bars,  SD,  *,  for  the  comparison  to  control  AdRSV  or  NC  siRNA;  ♦,  for  the 
comparison  of  Adcav-1  +  LY  with  Adcav-1.  *  or  ♦,  statistically  significant  (P  <  0.05);  **  or  statistically  very  significant  (P  <  0.0001). 
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FIGURE  6.  Luciferase  reporter  assays  for  VEGF,  TGF-(31,  and  FGF2 
promoter  activities.  The  GF-luc  readings  were  normalized  with  Renilla  lu¬ 
ciferase  readings  generated  from  a  cotransfected  vector  (pGL4.73)  and 
expressed  as  fold  of  control  (pGLA4,  -doxy).  A.  LNTB25cav.  B.  DU  145. 
C.  PC-3.  Columns,  mean;  bars,  SD. 
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feedback  loop  in  which  GFs  upregulate  cav-1  expression,  and 
cav-1  expression,  in  turn,  leads  to  increased  mRNA  stability  of 
the  same  GFs,  leading  to  the  enhanced  survival  and  invasive 
activities  of  prostate  cancer  cells. 

The  role  of  cav-1  in  cancer  is  complex  and  continues  to  be 
somewhat  controversial  (4-7).  However,  a  growing  body  of  ev¬ 
idence  indicates  that  cav-1  is  upregulated  in  many  types  of  hu¬ 
man  cancer  and  in  several  multidrug-resistant  and  metastatic 
cancer  cell  lines.  In  many  of  these  studies,  cav-1  was  shown 
to  correlate  with  aggressive  disease  (reviewed  in  refs.  4,  6, 
7).  Besides  that  gained  from  clinically  based  studies,  substantial 
insight  into  the  biological  functions  of  cav-1  in  prostate  cancer 


progression  has  been  attained  from  studies  of  genetically  engi¬ 
neered  mice.  Genetic  ablation  of  cav-1  impedes  prostate  tumor 
progression  in  TRAMP  mice  (14).  Mice  with  cav-1  gene  dis¬ 
ruption  have  benign  stromal  lesions  and  compromised  epithelial 
differentiation  (43).  Mouse  and  human  prostate  cancer  cell- 
secreted  cav-1  has  proangiogenic  activities  (17,  18,  44).  These 
findings  clearly  show  an  oncogenic  role  for  cav-1  in  prostate  cancer. 

We  previously  showed  that  cav-1  maintains  activated  Akt  in 
prostate  cancer  cells  through  interaction  with  and  inhibition  of 
the  serine/threonine  protein  phosphatases  PP1  and  PP2A  (15). 
We  also  reported  recently  that  tumor  cell-secreted  cav- 1  can  pro¬ 
mote  tumor  angiogenesis  through  a  PI3-K-Akt-eNOS-mediated 
mechanism  (18).  In  this  study,  we  found  that  PI3-K-Akt  signal¬ 
ing  is  required  for  cav- 1 -mediated  upregulation  of  VEGF,  TGF- 
(31,  and  FGF2  and  for  cav-1 -enhanced  prostate  cancer  cell  mi¬ 
gration  in  vitro.  Although  we  did  not  show  that  cav-1  inhibition 
of  PP1  and/or  PP2A  underlies  Akt  activation  in  these  experi¬ 
ments,  this  mechanism  seems  likely.  The  results  of  this  current 
study  extend  the  role  of  cav-1 -mediated  Akt  activation  as  a 
contributing  mechanistic  pathway  to  prostate  cancer. 

The  regulation  of  GFs  is  complex.  In  normal  cells,  the  intri¬ 
cate  balance  of  these  GFs  is  controlled  by  coordinated  regula¬ 
tion  of  hormones,  transcriptional  factors,  and  GFs  themselves. 
In  cancer  and  other  malignant  cells,  however,  this  homeostasis 
is  disrupted  through  various  mechanisms.  Inactivation  or  muta¬ 
tion  of  tumor  suppressor  genes  (32,  45),  activation  of  onco¬ 
genes  (33),  or  overexpression  of  certain  GFs  (34)  can  impair 
the  mRNA  decay  machinery,  leading  to  aberrant  GF  mRNA 
accumulation.  Akt,  interestingly,  may  also  stabilize  AU-rich 
element-containing  transcripts  by  phosphorylation  of  butyrate 
response  factor  1,  preventing  it  from  binding  to  those  AU-rich 
element-containing  transcripts  to  facilitate  deadenylation  and 
rapid  degradation  of  these  transcripts  (46,  47).  We  previously 
reported  that  cav-1  maintains  activated  Akt  in  prostate  cancer 
cells  (15).  In  this  current  study,  we  found  that  cav-1  promotes 
mRNA  stability  of  VEGF,  TGF-(3l,  and  FGF2  and  invasive 
activities  of  prostate  cancer  cells  in  an  Akt-dependent  manner. 
Taken  together,  the  results  of  these  studies  suggest  a  cav-1  => 
Akt  =>  GF  signaling  pathway.  It’s  conceivable  that  Akt-medi- 
ated  butyrate  response  factor  1  activities  are  also  involved  in 
cav-l-induced  VEGF,  TGF-(3l,  and  FGF2  mRNA  stability. 

We  also  found  that  PI3-K-Akt  inhibitor  LY  could  not  only 
eliminate  cav-1 -mediated  Akt  activation  and  GF  upregulation, 
leading  to  the  inhibition  of  cancer  cell  migration,  but  also  sup¬ 
press  endogenous  Akt  in  AdRSV-transduced  LNCaP  cells 
(AdRSV+LY)  and  cav-1 -uninduced  LNTB25cav,  impairing 
cancer  cell  migration  and  reducing  GF  mRNA  stability.  In 
high-cav-1  DU  145  and  PC-3  cells,  LY  further  reduced  cancer 
cell  migration  and  GF  mRNA  stability  in  cav-1  siRNA-trans- 
fected  cells.  Together,  these  data  suggest  that  ( a )  Akt  is  re¬ 
quired  for  cav-1 -mediated  maintenance  of  GF  mRNA 
stability  and  cav-1 -enhanced  cancer  cell  motility;  and  (b) 
Akt  works  downstream  of  cav-1  and  therefore  can  facilitate 
maintenance  of  GF  mRNA  stability  and  enhance  cancer  cell  mo¬ 
tility  through  other  molecular  signaling  events  that  activate  Akt. 

Importantly,  the  results  of  this  study  define  a  positive  auto- 
regulatory  feedback  mechanism  (Fig.  7B)  that  could  lead  to 
sustained  cav-1,  VEGF,  TGF-(3l,  and  FGF2  expression  and  se¬ 
cretion  in  prostate  cancer  cells.  Since  we  previously  showed 
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FIGURE  7.  Cav-1  enhances  mRNA  stabilities  of  VEGF,  TGF-(31,  and  FGF2.  A.  cav-1 -manipulated  LNTB25cav,  DU145,  and  PC-3  cells  were  treated  with 
10  pg/mL  of  actinomycin  in  the  presence  and  absence  of  LY  for  the  indicated  times,  followed  by  quantitative  reverse  transcription-PCR  analysis  for  mRNA 
levels  of  VEGF,  TGF-(31 ,  and  FGF2.  Points,  mean;  bars,  SD.  The  data  were  fitted  with  linear  trend  lines,  and  the  data  from  actinomycin  treatment  for  1  and  2  h 
were  subjected  to  statistical  analysis.  *,  the  comparison  to  control  (-)  doxycycline  {doxy)  or  NC  siRNA;  ♦,  the  comparison  of  (+)  doxy  +  LY  with  (+)  doxy  or  NC 
siRNA+LY  with  NC  siRNA.  *  or  ♦,  statistically  significant  (P  <  0.05);  **  or  ♦♦,  statistically  very  significant  (P  <  0.0001).  B.  diagram  summarizes  cav-1 -GF 
autoregulatory  loop.  T,  testosterone. 


that  prostate  cancer  cell-derived,  secreted  cav-1  can  stimulate 
angiogenic  activities  in  vitro  and  in  vivo  (18),  it  seems  reason¬ 
able  to  assume  that  induction  of  VEGF,  TGF-[3l,  and  FGF2, 
which  are  potent  angiogenic  factors,  would  contribute  to  cav- 
1 -mediated  angiogenesis  in  prostate  cancer.  Together  with 
cav-1 -stimulated  prostate  cancer  cell  migration,  these  cav-1  - 
induced  growth  and  invasive  activities  likely  have  a  profound 
effect  on  the  malignant  properties  of  prostate  cancer  cells.  In 
addition,  this  cav-1 -GF  positive  feedback  loop  has  implications 
for  identification  of  aggressive,  virulent  prostate  cancer  among 
a  considerable  fraction  of  prostate  cancers  that  will  not  progress 
to  clinical  significance  (48).  Further,  the  autonomous  nature  of 
this  positive  feedback  loop  provides  insight  into  the  inexorable 
nature  of  prostate  cancer  progression. 

In  light  of  this  new  information,  it  becomes  important  to 
consider  the  events  that  lead  to  the  cav-1 -GF  positive  feedback 


loop  in  prostate  cancer.  Since  we  previously  showed  that  cav-1 
is  induced  by  testosterone  in  prostate  cancer  cells  (16),  it  is  con¬ 
ceivable  that  cav-1  expression  is  initially  upregulated  by  testos¬ 
terone.  However,  this  possibility  raises  important  questions, 
such  as  “at  what  point  in  the  development  of  prostate  cancer 
does  this  occur?”  and  “what  molecular  events  facilitate  testos¬ 
terone-mediated  cav-1  expression?”  It  is  also  possible  that  GF 
expression  initiates  cav-1  expression.  In  our  early  studies  of 
cav-1,  we  showed  that  androgen-insensitive  cav-1 -positive 
prostate  cancer  can  arise  in  the  presence  of  physiologic  levels 
of  testosterone  in  mouse  models  of  prostate  cancer  (9,  13). 
These  results  are  consistent  with  a  model  that  implicates  testos¬ 
terone  as  the  initial  stimulatory  event,  with  subsequent  cav-1  - 
stimulated  GF  expression  sustaining  cav-1  expression  (Fig.  7B). 
The  eventual  development  of  the  cav-1 -GF  positive  feedback 
loop  suggests  a  plausible  pathway  for  the  development  of 
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androgen-insensitive  prostate  cancer.  Since  cav-1  expression  is 
very  low  to  undetectable  in  normal  prostate  epithelial  cells,  it 
seems  likely  that  initiating  oncogenic  events  are  required  to  fa¬ 
cilitate  cav-1  expression. 

Overall,  the  results  of  this  study  show  that  the  cav-1  - 
induced  PI3-K-Akt-mediated  increased  mRNA  stability  of 
VEGF,  TGF-(3l,  and  FGF2  is  a  novel  and  important  molecular 
mechanism  by  which  cav-1  promotes  cancer  progression.  Our 
results  further  define  a  cav-1 -GF  positive  regulatory  loop  that 
could  sustain  many  malignant  properties  in  prostate  cancer 
cells.  Further  studies  are  necessary  to  understand  the  biological 
and  clinical  implications  of  this  cav-1 -mediated  oncogenic 
pathway  in  prostate  cancer. 

Materials  and  Methods 

Cell  Lines  and  Cell  Culture  Conditions 

Human  prostate  cancer  cell  lines  LNCaP,  PC-3,  DU  145  and 
LNCaP  (c+),  a  cav-1 -expressing  LNCaP  variant  that  was  ob¬ 
tained  during  propagation  of  LNCaP,  were  grown  in  RPMI 
1640  with  10%  fetal  bovine  serum.  LNTB25cav,  a  cav-1  - 
inducible  clone  generated  from  LNCaP,  was  grown  in  RPMI 
1640  with  9%  tet  system-approved  fetal  bovine  serum. 

Induction  of  Cav-1  Expression  and  Secretion  by  GFs 

LNCaP  (c+),  DU145,  and  PC-3  cells  were  seeded  in  com¬ 
plete  culture  medium  and  grown  overnight.  After  being  rinsed 
once  with  serum-free  medium  (SFM),  cells  were  incubated  in 
SFM  with  or  without  a  specific  GF  at  the  following  concentra¬ 
tions:  human  GFs:  PDGF-AB,  10  ng/mL  (Invitrogen);  NGF,  10 
ng/mL  (Prospec);  FGF1,  5  ng/mL  (Invitrogen);  FGF2,  2  ng/mL 
(Invitrogen);  EGF,  5  ng/mL  (Invitrogen);  TGF-(3l,  1  ng/mL 
(Invitrogen),  and  VEGF,  10  ng/mL  (Upstate).  Mouse  GFs: 
PDGF-BB,  10  ng/mL  (Invitrogen);  NGF,  10  ng/mL  (Invitro¬ 
gen);  FGF1,  5  ng/mL  (R  &  D  Systems);  FGF2,  2  ng/mL  (Invi¬ 
trogen);  EGF,  5  ng/mL  (Invitrogen);  and  VEGF,  10  ng/mL 
(Invitrogen). 

For  determining  cav-1  expression,  cell  lysates  were  prepared 
48  h  after  treatment  with  the  GFs.  For  determining  secreted 
cav-1  levels,  conditioned  media  were  collected  24  h  after  treat¬ 
ment  with  the  GFs.  The  conditioned  media  were  then  centri¬ 
fuged  once  at  130  x  g  for  5  min  to  remove  floating  cells  and 
once  at  10,000  x  g  for  20  min  to  removed  remaining  insoluble 
materials.  The  resulting  supernatants  were  concentrated  50- 
to  100-fold  using  Amicon  Ultra-4  with  10-  kDa  cutoff. 
The  equivalents  of  conditioned  media  produced  from  5.0  x 
105  cells  were  loaded  on  gel  for  the  determination  of  secreted 
cav-1  levels. 

Analysis  of  mRNA  Expression 

Total  RNA  from  human  prostate  cancer  cell  lines  was  ex¬ 
tracted  with  TRI  Reagent  Solution  (Ambion).  Reverse  tran¬ 
scription  was  carried  out  with  the  High  Capacity  cDNA 
Archive  kit  (Applied  Bio  systems).  PCRs  were  done  using  the 
following  Taqman  probes  and  primers  (Applied  Biosystems): 
Hs00184697_ml  for  cav-1,  Hs99999905_ml  for  glyceralde- 
hyde-3 -phosphate  dehydrogenase,  Hs00173626_ml  for  VEGF, 
Hs00171257_ml  for  TGF-(3l,  and  Hs00266645-ml  for  FGF2. 
Real-time  PCR  was  done  using  the  ABI  Prism  7000  Sequence 
Detection  System  (Applied  Biosystems).  The  relative  quantity 


of  a  specific  mRNA  was  determined  by  the  AACT  method  and 
normalized  to  glyceraldehyde-3 -phosphate  dehydrogenase  or 
actin  RNA  in  the  same  cDNA  preparation. 

Western  Blot  Analysis 

Proteins  in  the  samples  were  separated  by  4%  to  15%  gra¬ 
dient  SDS-PAGE  and  Western  blotting  was  done  according  to 
standard  procedures.  Primary  antibodies  were  as  follows:  rabbit 
polyclonal  antibodies  against  cav-1,  VEGF,  TGF-(3l,  and 
FGF2  (Santa  Cruz);  monoclonal  antibody  to  PKBa/Akt  (clone 
55;  BD  Biosciences);  rabbit  polyclonal  antibodies  against 
phospho-Akt  (Ser473),  phospho-Akt  (Thr308),  p42/44,  phos- 
phor-p42/44,  JNK,  phospho-JNK,  p38,  and  phosphor-p38 
(Cell  Signaling);  and  monoclonal  antibody  to  (3-actin  (Sigma). 
Quantitative  analysis  were  done  by  measuring  the  density  of 
each  protein  bands  using  a  computer-assisted  software  (Nikon, 
NIS-Elements  AR3.0)  and  by  making  calculations  according 
to  the  following  methods:  for  cell  lysates,  the  protein  bands 
of  interest  were  first  normalized  by  corresponding  (3 -actin 
and  each  normalized  value  was  then  compared  with  control 
(control  as  1);  for  conditioned  medium,  the  protein  bands  of 
interest  were  compared  with  control  (SFM). 

siRNA  Transfection  and  Viral  Infection 

Cells  were  seeded  at  a  density  of  1.0  x  105  cells  per  well  in 
12-well  plates  or  at  equivalent  cell  density  in  other  culture  dish 
formats  1  d  before  transfection.  Transfection  was  done  using 
siPORTAmine  (Ambion)  and  cav-1 -specific  siRNA  or  nega¬ 
tive  control  (NC)  siRNA  (Ambion).  Adenovirus-mediated  gene 
transduction  was  carried  out  as  described  previously  (16). 

Preparation  of  Conditioned  Media  for  Analysis  of 
Secreted  GFs 

The  conditioned  media  for  analysis  of  secreted  GFs  were 
prepared  and  concentrated  as  described  for  the  preparation  of 
secreted  cav-1. 

Wound  Eiealing  Assay 

Twenty-four  hours  after  gene  transduction  with  adenoviral 
vectors  (LNCaP)  or  transfection  with  siRNA  (PC-3  or 
DU145),  a  straight  longitudinal  scratch  was  made  on  the  mono- 
layer  of  cells  using  a  pipette  tip.  After  removal  of  the  existing 
medium,  fresh  RPMI  1640  complete  medium  with  or  without 
20  pmol/L  PI3-K  inhibitor  LY  (CalBiochem)  was  added,  and 
the  cells  were  incubated  for  16  h  (PC-3  and  DU145)  or  48  h 
(LNCaP).  Cells  were  then  stained  with  HEMA3  (Biochemical 
Sciences),  and  the  numbers  of  cells  migrating  into  the  clear 
area  were  counted  and  imaged  with  a  microscope  using  NIS- 
Elements  AR2.30  software  (Nikon). 

Transwell  Chamber  Assay 

Twenty-four  hours  after  gene  transduction  with  adenoviral 
vectors  (LNCaP)  or  transfection  with  siRNA  (PC-3  or 
DU145),  the  cells  were  trypsinized  and  single-cell  suspensions 
were  prepared.  Five  thousand  cells  were  seeded  into  each  Fal¬ 
con  cell  culture  insert  (8.0  pm  pore  size,  24-well  format;  Bee- 
ton  Dickinson  Labware)  with  300  pL  of  serum-free  RPMI  1640 
with  or  without  20  pmol/L  LY  and  with  700  pL  RPMI  1640 
complete  medium  in  the  outer  well.  After  16-  to  24-h  incuba¬ 
tion,  the  medium  and  cells  inside  the  insert  were  carefully  re¬ 
moved,  and  the  cells  that  had  migrated  onto  the  outer 
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membrane  of  the  insert  were  stained,  counted,  and  imaged  as 
just  described  for  the  wound  healing  assay. 

Generation  of  LNTB25cav  Xenograft  and  Processing  of 
Tumor  Tissue 

LNTB25cav  xenograft  was  established  as  described  previously 
(18),  with  10  of  the  mice  given  2  mg/mL  of  doxycycline  in  their 
drinking  water  containing  5%  sucrose  and  11  animals  given 
drinking  water  containing  only  5%  sucrose  as  controls.  After 
21  d,  the  animals  were  euthanized,  and  the  tumor  tissues  were 
harvested  and  fixed  in  10%  neutral  formalin.  The  tissues  were 
then  processed  for  making  5 -pm  paraffin-embedded  sections. 

Immunohistochemistry 

Immuno staining  of  paraffmized  sections  was  conducted  us¬ 
ing  polyclonal  antibodies  to  cav-1,  TGF-[3l,  or  VEGF  and  an 
ABC  kit  (Vector  Laboratories).  The  specificity  of  the  immuno- 
reactions  was  verified  by  using  PBS  to  replace  the  specific  pri¬ 
mary  antibodies. 

Luciferase  Reporter  Assay 

A  1.5 -kb  VEGF  promoter  containing  Spl  sites  and  an  HIF- 
la  site  was  obtained  from  genomic  DNA  by  PCR  using  for¬ 
ward  primer  5'  GGAGAAGTAGCCAAGGGAT  3'  and  reverse 
primer  5'  CCTGTCGCTTTCGCTGCT  3'.  The  PCR  fragment 
was  digested  with  SacI  and  inserted  into  the  SacI  site  of  the 
pGL4  luciferase  reporter  vector  (Promega).  A  1,077-bp  TGF- 
(31  promoter  (CHR19JV10615_R1)  and  a  1,012-bp  FGF2  pro¬ 
moter  (CHR4-P0576-R1)  were  purchased  from  SwitchGear 
Genomics.  LNTB25cav  cells  were  seeded  (2.5  x  105  cells  per 
well,  12-well  plate)  and  grown  in  the  medium  with  or  without 
0.2  pg/mL  doxycycline  overnight  and  then  were  cotransfected 
with  a  specific  GF-luc  reporter  vector  or  control  vector  pGL4 
and  a  Renilla  luciferase  reporter  vector  (pGL4.73,  Promega)  us¬ 
ing  FuGENE  HD  transfection  reagent  (Roche).  DU  145  and  PC- 
3  cells  were  seeded  (1.0  x  105  cells  per  well,  12-well  plate)  and 
grown  in  the  complete  medium  overnight  and  then  were  trans¬ 
fected  with  50  nmol/L  cav-1  siRNA  or  NC  siRNA  using  si- 
PORT  Amine.  Three  hours  after  siRNA  transfection,  cells 
were  cotransfected  with  a  specific  GF-luc  reporter  vector  or 
control  vector  pGL4  and  the  normalizer  reporter  vector  as 
described  above.  Twenty-four  hours  after  the  reporter  transfec¬ 
tion,  luciferase  activity  was  determined  using  a  dual-luciferase 
reporter  assay  system  (Promega)  and  a  Synergy  2  multimode 
microplate  reader  (BioTek).  The  GF-luc  readings  were  normal¬ 
ized  with  Renilla  luciferase  readings  and  expressed  relative  to 
the  control  (pGLA4,  doxycycline). 

mRNA  Stability  Assay 

Cav-1  expression  in  LNTB25cav  cells  was  induced  with 
doxycycline,  and  DU  145  or  PC-3  cells  were  transfected  with 
cav-1  siRNA  or  NC  siRNA  as  described  for  the  luciferase 
reporter  assay.  Twenty-four  hours  after  induction  with  doxy¬ 
cycline  or  transfection  of  siRNA,  cells  were  treated  with 
10  pg/mL  of  actinomycin  in  the  presence  or  absence  of 
the  PI3-K  inhibitor  LY  (20  pmol/L)  for  0,  0.5,  1,  or  2  h. 
RNAs  were  prepared,  and  mRNA  levels  of  cav-1  and  each 
GF  were  determined  by  quantitative  reverse  transcription- 
PCR  as  described  earlier. 


Statistical  Analysis 

The  unpaired  t  test  was  used  in  the  experiments  in  which 
probability  levels  were  determined.  A  P  value  of  <0.05  (*) 
was  considered  statistically  significant,  and  one  <0.0001  (**) 
was  considered  statistically  very  significant. 
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The  role  of  caveolin-1  in  prostate  cancer:  clinical  implications 
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Caveolin-1  (cav-1)  is  reportedly  overexpressed  in  prostate  cancer  cells  and  is  associated  with  disease 
progression.  Specific  oncogenic  activities  of  cav-1  associated  with  Akt  activation  also  occur  in 
prostate  cancer.  A  membrane-associated  protein,  cav-1,  is  nonetheless  secreted  by  prostate  cancer 
cells;  results  of  recent  studies  showed  that  secreted  cav-1  can  stimulate  cell  survival  and  angiogenic 
activities,  defining  a  role  for  cav-1  in  the  prostate  cancer  microenvironment.  Serum  cav-1  levels 
were  also  higher  in  prostate  cancer  patients  than  in  control  men  without  prostate  cancer,  and  the 
preoperative  serum  cav-1  concentration  had  prognostic  potential  in  men  undergoing  radical 
prostatectomy.  Secreted  cav-1  is  therefore  a  potential  biomarker  and  therapeutic  target  for  prostate 
cancer. 
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Introduction 

Caveolin-1  (cav-1)  is  a  major  structural  component  of 
caveolae,  which  are  specialized  plasma  membrane 
invaginations  involved  in  multiple  cellular  processes 
such  as  molecular  transport,  cell  adhesion  and  signal 
transduction.1,2  Although  under  some  conditions  cav-1 
may  suppress  tumorigenesis,3  cav-1  is  associated  with 
and  contributes  to  malignant  progression  through 
various  mechanisms.4-8  Specific  proteins  such  as  recep¬ 
tor  tyrosine  kinases,  serine/ threonine  kinases,  phospho¬ 
lipases,  G  protein-coupled  receptors  and  Src  family 
kinases  are  localized  in  lipid  rafts  and  caveolar  mem¬ 
branes,  where  they  interact  with  cav-1  through  the  cav-1 
scaffolding  domain;  the  activities  mediated  by  this 
domain  result  in  the  generation  of  platforms  for 
compartmentalization  of  discrete  signaling  events.9  A 
high  level  of  intracellular  cav-1  expression  is  associated 
with  metastatic  progression  of  human  prostate  can¬ 
cer10,11  and  other  malignancies,  including  lung,12  renal13 
and  esophageal  squamous  cell  cancers.14 

Virulent  prostate  cancer  cell  lines  reportedly  secrete 
biologically  active  cav-1  protein  in  vitro,  and  cav-1 
promotes  prostate  cancer  cell  viability  and  clonal 
growth?5-17  The  cancer-promoting  effects  of  secreted 


Correspondence:  Dr  TC  Thompson,  Department  of  Genitourinary 
Medical  Oncology — Research,  Unit  1374,  The  University  of  Texas  MD 
Anderson  Cancer  Center,  1515  Holcombe  Boulevard,  Houston,  TX 
77030,  USA. 

E-mail:  timthomp@mdanderson.org 
Received  27  April  2009;  accepted  4  June  2009 


cav-1  include  antiapoptotic  activities  similar  to  those 
observed  following  enforced  expression  of  cav-1 
within  the  cells.15,  8  In  addition  to  showing  cav-1 - 
mediated  autocrine  activities,  a  recent  study  showed 
that  recombinant  cav-1  protein  is  taken  up  by  prostate 
cancer  cells  and  endothelial  cells  in  vitro  and 
that  recombinant  cav-1  increases  angiogenic  activities 
both  in  vitro  and  in  vivo  by  activating  Akt-  and/or 
nitric  oxide  synthase-mediated  signaling.6  Moreover, 
significantly  higher  serum  cav-1  levels  have  been 
documented  in  men  with  prostate  cancer  than  in  men 
with  benign  prostatic  hyperplasia19  and  also  in  patients 

with  elevated  risk  of  cancer  recurrence  after  radical 

20 

prostatectomy. 

The  concept  of  expression  and  secretion  of  cav-1  by 
prostate  cancer  cells  in  malignant  progression  is  unique. 
The  autocrine  and  paracrine  activities  of  cav-1  mediated 
through  the  activation  of  Akt  and/or  nitric  oxide 
synthase  signaling  may  lead  to  pervasive  engagement 
of  the  local  tumor  microenvironment,  involving  but  not 
limited  to  the  proangiogenic  activities  previously  docu¬ 
mented. 

In  this  review,  we  discuss  the  unique  functional 
properties  of  cav-1  in  prostate  cancer,  especially  on 
secreted  cav-1  and  its  capacity  to  engage  the  prostate 
cancer  microenvironment.  We  also  discuss  the  potential 
for  development  of  serum  cav-1  as  a  biomarker  for 
prostate  cancer,  with  particular  reference  to  the  pre¬ 
operative  cav-1  serum  level  as  a  prognostic  tool.  Finally, 
we  discuss  the  possibility  of  biologically  targeting  cav-1 
as  the  foundation  for  the  development  of  novel  effective 
therapies  for  prostate  cancer. 
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Cav-l  upregulation  in  prostate  cancer 


We  previously  reported  increased  cav-l  immunostaining 
in  prostate  cancer  relative  to  that  in  the  normal  adjacent 
prostatic  epithelial  cells,  which  express  low-to-nonde- 
tectable  levels  of  cav-l.10,11  An  important  finding  was 
that  increased  cav-l  immunostaining  had  independent 
prognostic  potential  in  men  undergoing  radical  prosta¬ 
tectomy.11  These  results  were  supported  by  those  in  two 
subsequent  independent  reports  of  studies  that  also 
evaluated  prostate  cancer  tissue  using  immunohisto- 
chemical  analysis  and  yielded  similar  conclusions.21,22 
An  important  common  observation  from  the  cases 
examined  in  these  studies  is  that  cav-l  immunostaining 
in  localized  prostate  cancer  is  focal  and  expressed  only  in 
a  relatively  small  percentage  of  prostate  cancer  cells. 
These  results  also  showed  that  cav-l  was  positively 
correlated  with  Gleason  grade,  an  important  suggestion 
that  even  though  it  is  focally  expressed,  cav-l  is  a 
biomarker  for  clinically  aggressive  disease. 

The  molecular  basis  for  the  initiation  of  cav-l  expres¬ 
sion  in  prostate  cancer  and  other  malignancies  is  not 
clear.  The  cav-l  and  cav-2  genes  are  co-localized  to  7q31.1, 
a  highly  conserved  region  that  encompasses  a  known 
fragile  site  that  is  deleted,  associated  with  loss  of 
heterozygosity,  or  amplified  in  a  variety  of  human 
cancers,  including  prostate  cancer.3,23-25  Although  some 
investigators  have  used  these  data  to  support  a  case  for 
both  loss  and  gain  of  cav-l  expression,  no  convincing 
data  specifically  correlate  genetic  alterations  at  this  site 
with  changes  in  cav-l  expression  for  prostate  cancer.26,27 
The  cav-l  gene  promoter  has  multiple  CpG  sites,  and 
alterations  in  gene  methylation  have  been  shown  in 
prostate  cancer.28  However,  patterns  of  cav-l  gene 
methylation  have  not,  thus  far,  provided  a  convincing 
argument  for  the  upregulation  of  cav-l  in  prostate 
cancer.  It  is  interesting  that  a  recent  article  suggests  that 
the  loss  of  function  for  a  tumor  suppressor  miRNA  (miR- 
205)  may  lead  to  upregulation  of  cav-l  in  prostate 
cancer.29 

As  many  genetic  alterations  that  occur  in  primary 
prostate  cancer  have  also  been  documented  in  prema- 
lignant  disease,  such  as  high-grade  prostatic  intraepithe¬ 
lial  neoplasia,  it  would  be  interesting  to  analyze  cav-l  in 
those  premalignant  lesions.  Although  it  is  focally 
expressed  in  primary  prostate  cancer,  it  is  important  to 
note  that  cav-l  is  expressed  in  most  metastatic  cells.15 
This  focal  expression  in  primary  prostate  cancer  and 
significantly  increased  cav-l  expression  in  associated 
metastases  fit  well  with  the  notion  that  cav-l  is  more 
aligned  with  the  criteria  of  a  progression-related  protein 
than  with  those  of  a  protein  that  significantly  affects 
localized  tumor  growth.30  The  idea  of  association  of  cav- 
1  with  clinically  significant  prostate  cancer  is  novel,  and 
the  prospect  that  cav-l  expression  may  segregate 
clinically  significant  prostate  cancer  from  clinically 
insignificant  prostate  cancer  is  exciting.31 

Although  the  association  between  cav-l  overexpres¬ 
sion  in  prostate  cancer  and  aggressive,  clinically  sig¬ 
nificant  disease  has  been  found  consistently  in  multiple 
studies,  the  relationship  between  cav-l  overexpression 
and  androgen  sensitivity  is  less  clear.  Early  studies 
showed  that  cav-l  overexpression  was  inversely  asso¬ 
ciated  with  androgen  sensitivity  and  positively  asso¬ 
ciated  with  tumor  growth  in  mouse  models  of  prostate 


cancer.32  The  cav-l  gene  is  transcriptionally  upregulated 
in  androgen-sensitive  prostate  cancer  cells,  although  the 
level  of  induction  was  modest 5  In  general,  cav-l  has  been 
associated  with  the  stimulatory  effects  of  steroid  recep¬ 
tors,  including  the  androgen  receptor,  suggesting  a  point 
of  convergence  for  further  mechanistic  studies  33,34  Over¬ 
all,  the  available  information  on  cav-l  expression  fits  the 
hypothesis  that  prostate  cancer  progression,  even  in  the 
presence  of  normal  levels  of  circulating  testosterone,  is 
coincidental  with  the  development  of  androgen  insensi¬ 
tivity.  Certainly,  the  development  of  castrate-resistant 
prostate  cancer  involves  selection  for  unique  malignant 
properties  that  allow  prostate  cancer  cells  to  metastasize 
in  the  presence  of  castrate  levels  of  androgens.  However, 
the  emergence  of  castrate-resistant  prostate  cancer  does 
not  preclude  co-selection  of  metastatic  and  androgen- 
insensitive  prostate  cancer  in  men  who  have  not  under¬ 
gone  hormone  therapy. 


Mechanisms  of  cav-l-mediated 
oncogenic  activities  in  prostate  cancer 

Overexpression  of  cav-l  was  reported  in  various 
malignancies,  including  cancer  of  the  colon,35  kidney,13 
bladder,36  lung,12  pancreas37  and  ovary,38  and  in  some 
types  of  breast  cancer.39  The  level  of  cav-l  expression 
may  depend  on  the  tumor  type  and  stage;  for  example, 
high  cav-l  levels  were  reported  in  late  or  advanced 
squamous  cell  carcinoma401  and  in  metastatic  prostate 
cancer.15,32  These  results  have  led  many  investigators  to 
attempt  to  identify  cav-l -related  oncogenic  pathways  for 
various  malignancies.  Although  cav-l  activities  impinge 
on  various  oncogenic  pathways  and  can  inhibit  or 
activate  these  pathways,  depending  on  the  cell  type 
and  context,3  the  results  of  multiple  studies  now  indicate 
that  Akt  activation  has  an  important  role  in  cav-l- 
mediated  oncogenic  functions  in  prostate  cancer.  The 
first  demonstration  of  a  direct  association  between  cav-l 
expression  and  Akt  indicated  that  the  overexpression  of 
cav-l  increased  binding  to  and  inhibited  the  serine/ 
threonine  phosphatases,  PP1  and  PP2A,  in  human 
prostate  cancer  cells.  These  interactions,  which  were 
likely  mediated  through  cav-l  binding  to  a  cav-l 
scaffolding  domain-binding  site  on  PP1  and  PP2A  and 
inhibition  of  their  activities,  led  to  significantly  increased 
levels  of  phospho-Akt  and  sustained  activation  of 
downstream  oncogenic  Akt  targets.18  Findings  from  a 
recent  independent  study  supported  this  mechanism  and 
further  showed  that  the  putative  oncogene  inhibitor  of 
differentiation- 1  induced  Akt  activation  by  promoting 
the  binding  activity  of  cav-l  and  PP-2A.41  It  is  important 
to  consider  that  the  activation  of  Akt  has  been  previously 
associated  with  prostate  cancer  and  is  clearly  one  of  the 
most  important  oncogenic  activities  that  underlie  pros¬ 
tate  cancer  progression.42  It  is  worthwhile  to  consider  the 
idea  that  activated  Akt  contributes  to  the  expression  and 
secretion  of  multiple  growth  factors  (GFs)  that  have 
important  roles  in  the  growth,  survival  and  progression 
of  prostate  cancer  cells  through  autocrine  and  paracrine 
activities42  (Figure  1).  The  molecular  mechanisms  that 
may  connect  cav-l  upregulation  to  GF  expression  and 
secretion  through  the  activation  of  Akt  are  worthy  of 
future  investigation. 
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Figure  1  Caveolin-1  (cav-1)  upregulation  in  prostate  cancer 
promotes  cell  survival  through  Akt-mediated  activities.  Prostate 
cancer-derived,  secreted  cav-1,  which  is  taken  up  by  prostate  cancer 
cells  and  tumor-associated  endothelial  cells,  stimulates  angiogen¬ 
esis.  The  unique  autocrine  and  paracrine  activities  associated  with 
cav-1  in  prostate  cancer  present  a  novel  paradigm  for  the 
development  of  biomarkers  and  therapeutic  approaches  for  prostate 
cancer.  GFs,  growth  factors;  ACs,  angiogenic  cytokines;  AR, 
androgen  receptor. 


Recent  studies  further  showed  that  alterations  in  Akt 
activities  regulate  the  expression  of  fatty  acid  synthase,  a 
putative  metabolic  oncogene,  and  its  co-localization  with 
cav-1  in  lipid  rafts  in  prostate  cancer  cells.43  The  same 
article  reported  that  Src,  an  oncogenic  tyrosine  kinase, 
has  an  important  role  in  this  process.  It  is  important  to 
note  that  cav-1  was  initially  identified  as  a  v-Src 
substrate,  P-Y14cav-1.44  Overall,  these  recent  articles 
suggest  that  an  interactive  and  interdependent  network 
of  oncogenic  proteins,  including  cav-1,  Akt,  fatty  acid 
synthase  and  Src,  has  an  important  role  in  prostate 
cancer.  Although  initiation  and  maintenance  of  this 
oncogenic  protein  network  appear  to  be  a  critical 
mechanism  through  which  cav-1  promotes  malignant 
activities  in  prostate  cancer,  there  are  certainly  others. 
Results  of  a  recent  study  showed  that  cellular  levels  of 
P-Y14cav-1  are  critically  associated  with  Rho/ROCK- 
and  Src-dependent  regulation  of  tumor  cell  motility  and 
invasion.45 


Prostate  cancer  cells  secrete  cav-1 

Cav-1,  which  is  secreted  by  mouse  and  human  prostate 
cancer  cell  lines,  promotes  cancer  cell  survival  in  vitro.15 
These  results  were  validated  in  independent  studies  and 
were  extended  to  include  perineural  cells  in  the  prostate 
cancer  microenvironment. 17,46  At  the  time  these  results 
were  reported,  a  previous  study  had  shown  that  cav-1 
was  secreted  by  normal  pancreatic  acinar  cells  in  vitro,47 
but  to  our  knowledge,  there  were  no  previous  reports  of 
cav-1  secretion  by  malignant  cells.  These  results  raised 
the  question  of  the  mechanism  responsible  for  cav-1 
secretion  from  cancer  cells  and  whether  this  mechanism 
was  specific  to  prostate  cancer  cells  or  the  prostate  cancer 
microenvironment.  An  intriguing  article  reported  that 
cav-1  was  found  in  'prostasomes/  which  are  vesicular 
organelles  enriched  with  raft  components,  of  PC-3  cells, 
suggesting  that  cav-1  is  secreted  by  prostate  cancer  cells 
through  a  unique  mechanism.48  The  results  of  a  more 
recent  study  supported  the  concept  that  cav-1  is  secreted 


by  prostate  cancer  cells  through  a  unique  exosome- 
prostasome-mediated  pathway.49  Additional  studies  are 
warranted  to  further  characterize  the  specificity  and 
mechanism(s)  involved  in  cav-1  secretion  by  prostate 
cancer  cells  and  potentially  by  specific  stromal  cells 
within  the  prostate  cancer  microenvironment. 


Prostate  cancer-derived,  secreted  cav-1 
alters  the  tumor  microenvironment 
through  proangiogenic  activities 

Prostate  cancer  is  unique  in  its  capacity  to  influence  and 
become  dependent  on  stromal  cells  that  reside  in  the 
tumor  microenvironment.  GFs  derived  from  prostate 
cancer  cells,  including  vascular  endothelial  growth 
factor,  transforming  GF-|31  and  multiple  fibroblast  GFs, 
are  known  to  significantly  affect,  through  autocrine  and 
paracrine  activities,  the  capacity  of  prostate  cancer  cells 
to  grow  and  metastasize.50-53  Various  mechanisms  are 
reportedly  involved  in  the  deregulation  of  these  GFs  in 
cancer  cells,  including  transcriptional  regulation54  and 
alteration  of  mRNA  stability.  55-58 

We  recently  found,  unexpectedly,  that  prostate  cancer- 
derived  secreted  cav-1  is  also  capable  of  significantly 
altering  the  tumor  microenvironment  by  stimulating 
angiogenesis.  Specifically,  cav-1  is  taken  up  by  cav-1- 
negative  tumor  cells  and/or  endothelial  cells,  leading  to 
stimulation  of  specific  angiogenic  activities  through  the 
PI3K-Akt-eNOS  signaling  module.6  This  study  followed 
a  previous  study  which  had  shown  greater  angiogenesis 
in  cav-1 -positive  prostate  cancer  than  in  cav-1 -negative 
prostate  cancer  and  that  also  showed  co-localization  of 
cav-1  with  vascular  endothelial  growth  factor  receptor-2 
in  tumor-associated  endothelial  cells.59  The  combined 
action  of  prostate  cancer-derived,  secreted  cell-derived 
GFs  and/or  angiogenic  cytokines  and  cav-1  could  have  a 
profound  effect  on  prostate  cancer  microenvironment 
(Figure  1).  The  combined  effect  could  potentially  result  in 
structural  modification  of  the  pre-existing  signaling 
pathways  through  the  interaction  of  cav-1  with  specific 
signaling  molecules.  As  many  of  the  molecules  involved 
in  angiogenic  signaling  pathways  possess  cav-1  scaffold¬ 
ing  domain-binding  sites,  for  example,  vascular  endothe¬ 
lial  growth  factor  receptor-2  and  Src,9  these  interactions 
are  likely  mediated  in  part  through  the  cav-1  scaffolding 
domain-scaffolding  domain-binding  site  interface.  It  is 
interesting  to  note  that  an  abnormal  augmentation  of 
these  signaling  pathways  could  further  potentiate  the 
downstream  autocrine  and/ or  paracrine  activities  of  GFs 
and/or  angiogenic  cytokines  secreted  by  prostate  cancer 
cells,  representing  unique  co-stimulatory  activities  with 
profound  potential  to  alter  the  tumor  microenvironment 
toward  a  progressively  increasing  malignant  state. 


Secreted  cav-1  as  a  biomarker  and 
therapeutic  target 

The  expression  and  secretion  of  cav-1  by  prostate  cancer 
cells  presents  an  opportunity  for  the  development  of  cav- 
1 -based  biomarkers  for  prostate  cancer.  We  previously 
developed  an  immunoassay  for  measuring  serum  cav-1 
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levels  and  showed  that  the  median  serum  cav-1  level  in 
men  with  clinically  localized  prostate  cancer  was 
significantly  higher  than  that  in  healthy  control  men 
(that  is,  in  those  with  normal  findings  on  digital  rectal 
examination  and  serum  prostate-specific  antigen  levels 
of  ^1.5ngml-1  over  a  period  of  2  years)  and  in  men 
with  clinical  benign  prostatic  hyperplasia.19  Further,  in  a 
larger  population  study  in  men  with  a  serum  prostate- 
specific  antigen  of  >  lOngml-1,  high  pretreatment  levels 
of  cav-1  in  the  serum  were  associated  with  a  shorter  time 
to  biochemical  recurrence  (defined  as  a  serum  prostate- 
specific  antigen  level  of  ^  0.2  ng  ml-1  on  two  consecutive 
measurements).20  High  pretreatment  serum  cav-1  levels 
were  established  using  a  cutoff  determined  by  using  the 
minimum  P- value  method. 

These  initial  clinical  and  basic  laboratory  study  results, 
together  with  those  of  pathology-based  tissue  analysis, 
show  the  potential  of  serum  cav-1  as  a  prognostic 
biomarker  for  the  identification  of  men  with  clinically 
aggressive  prostate  cancer.  Specifically,  the  pretreatment 
serum  cav-1  concentration  may  be  used  to  identify  men 
with  clinically  significant  prostate  cancer  who  are  likely 
to  experience  a  rapid  recurrence  of  the  cancer  following 
radical  prostatectomy.  Although  further  studies  are 
necessary  to  validate  these  results,  it  is  conceivable  that 
serum  cav-1  analysis  would  contribute  to  the  identifica¬ 
tion  of  the  subset  of  the  men  undergoing  localized 
therapy  for  presumed  localized  disease  who  would 
benefit  from  neoadjuvant  or  adjuvant  therapy,  for 
example,  local  radiotherapy,  localized  biologic  therapy, 
androgen-deprivation  therapy  and/or  targeted  systemic 
therapy.60-63 

We  have  considered,  in  addition  to  the  potential  use  of 
serum  cav-1  analysis  as  a  prognostic  biomarker  for 
clinically  aggressive  prostate  cancer,  the  possibility  that 
secreted  cav-1  is  a  therapeutic  target  for  prostate  cancer. 
Our  recent  studies  revealed  that  systemic  treatment  of 
mice  with  cav-1  antisera  significantly  reduced  the 
development  and  growth  of  primary  site  tumors  and 
metastases  in  both  orthotopic  and  experimental  metasta¬ 
sis  mouse  models  of  prostate  cancer.15'64  These  studies 
further  showed  that  metastatic  prostate  cancer  cells  may 
survive  and  grow  partly  through  the  uptake  of  secreted 
cav-1.  As  targeted  systemic  antibody  therapy  has  been 
used  successfully  to  treat  specific  malignancies,65'66  the 
development  of  cav-1 -targeted  antibody  therapy  should 
be  further  pursued  as  a  potential  therapy  for  prostate 
cancer. 


Summary 

The  initial  observations  that  prostate  cancer  cells  over¬ 
express  cav-1  and  that  cav-1  is  associated  with  clinically 
significant  prostate  cancer  have  led  to  extensive  basic 
laboratory  and  clinical  studies  of  the  role  of  cav-1  in 
prostate  cancer  and  other  malignancies.  Although  the 
molecular  and  cellular  biology  of  cav-1  is  complex,  these 
studies  thus  far  have  shown  that  the  overexpression  and 
secretion  of  cav-1  leads  to  the  amplification  of  the  tumor- 
promoting  effects  of  cav-1  through  the  activation  of 
endogenous  oncogenic  pathways  and  engagement  of 
tumor  microenvironment.  The  association  between  cav-1 
and  clinically  significant  prostate  cancer  is  unique,  and 


the  prospect  that  cav-1  expression  may  segregate 
clinically  significant  prostate  cancer  from  clinically 
insignificant  prostate  cancer  is  exciting.  By  virtue  of  the 
capacity  of  prostate  cancer  cells  to  secrete  cav-1,  specific 
cav-1 -based  biomarker  and  therapeutic  strategies  have 
been  proposed  and  tested.  The  initial  results  are 
promising  and  indicate  that  further  studies  may  lead  to 
clinically  useful  prognostic  and  therapeutic  tools  for 
prostate  cancer. 
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